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                Heave Behavior of Granular Pile Anchor-Foundation System 

(GPA-Foundation System) in Expansive Soil 

 
 

 

 

 

ABSTRACT 

Granular Pile Anchor (GPA) is one of the innovative foundation techniques, devised for 

mitigating heave of footing resulting from the expansive soils. This research attempts to study 

the heave behavior of (GPA-Foundation System) in expansive soil. Laboratory tests have been 

conducted on an experimental model in addition to a series of numerical modeling and analysis 

using the finite element package PLAXIS software. The effects of different parameters, such as 

(GPA) length (L) and diameter (D), footing diameter (B), expansive clay layer thickness (H) and 

presence of non-expansive clay are studied. The results proved the efficiency of (GPA) in 

reducing the heave of expansive soil and showed that the heave can be reduced with increasing 

length and diameter of (GPA). The heave of (GPA-Foundation System) is controlled by three 

independent variables these are (L/D) ratio, (L/H) ratio and (B/D) ratio. The heave can be 

reduced by up to (38 %) when (GPA) is embedded in expansive soil layer at (L/H=1) and 

reduced by about (90 %) when (GPA) is embedded in expansive soil and extended to non-

expansive clay (stable zone) at (L/H=2) at the same diameter of (GPA) and footing. An equation 

(mathematical mode1) was obtained by using the computer package (SPSS 17.0) for statistical 

analysis based on the results of finite element analysis relating the maximum heave of         

(GPA-Foundation System) as a function of the above mentioned three independent variables 

with coefficient of regression of (R
2 

= 92.3 %).  

 
Keywords: expansive soil, sand, heave, granular pile anchor (GPA), PLAXIS, foundation, finite element. 

 

 ركيزة رهلية هربوطة( في التربة الانتفاخية  -ونظوهة )اساس ل الانتفاخ سلوك
 

 

 
 

 الخلاصـــة

نشفع أ الاصاحخ ا انطشق انًجزكشح ٔانحذٚثخ انًغزخذيخ نهحذ يٍ احذٖ( GPAرعزجش انشكبئض انشيهٛخ انًشثٕطخ انًغًبح ثـ )

ْزا انجحث ٚٓذف انٗ دساعخ يذٖ اعزجبثخ ٔعهٕكٛخ يُظٕيخ  ٔانُبرجخ يٍ انزشة الاَزفبخٛخ.انعبيٕدٚخ انحبصهخ فٙ الاعبط 

الاعبط انجذٚذح رحذ رأثٛش الاَزفبخ ٔرعٍٛٛ كفبءح ٔقذسح انشكبئض انشيهٛخ انًشثٕطخ فٙ رقهٛم الاصاحخ انعبيٕدٚخ انحبصهخ فٙ 

غش رى اثزكبسِ نٓزا انغشض ثبلاضبفخ انٗ اجشاء عهغهخ رضًُذ انذساعخ اَجبص عًم يخزجش٘ عهٗ يٕدٚم يخزجش٘ يص الاعبط.

( رى اعذادِ نٓزا انغشض. PLAXISيٍ يٍ انًُزجخ ٔانزحهٛلاد ثأعزخذاو َظشٚخ انعُبصشانًحذدح ثأعزخذاو ثشَبيج انجلاكغظ )

خٛخ ثبلاضبفخ انٗ رى دساعخ عذح يزغٛشاد يثم طٕل ٔقطش انشكبئض انشيهٛخ انًشثٕطخ, قطش الاعبط, عًك طجقخ انزشثخ الاَزفب

انشكبئض انشيهٛخ انًشثٕطخ فٙ رقهٛم الاصاحخ انعبيٕدٚخ  نقذ اثجزذ انُزبئج كفبءح ٔقذسح  .رأثٛش طجقخ انزشثخ انطُٛٛخ انغٛش يُزفخخ

انحبصهخ فٙ الاعبط ٔقذ رجٍٛ اٌ الاصاحخ انعبيٕدٚخ نلاعبط رقم ثضٚبدح طٕل ٔ قطش انشكبئض انشيهٛخ انًشثٕطخ ٔاٌ ْزِ 

(, َغجخ انطٕل L/D) رزأثش ثثلاثخ يزغٛشاد سئٛغٛخ ْٔٙ َغجخ انطٕل انًذفٌٕ انٗ انقطش نهشكبئض انشيهٛخ انًشثٕطخ الاصاحخ

(. ٔقذ رجٍٛ اٌ B/D( َٔغجخ قطش الاعبط انٗ قطش انشكٛضح انشيهٛخ انًشثٕطخ )L/Hانًذفٌٕ انٗ عًك طجقخ انزشثخ الاَزفبخٛخ )

%( عُذيب رذفٍ انشكبئض انشيهٛخ انًشثٕطخ ثطٕل يغبٔ٘ انٗ عًك طجقخ انزشثخ 83الاصاحخ انعبيٕٚخ نلاعبط رقم ثُغجخ )

%( عُذيب رذفٍ فٙ انزشثخ الاَزفبخٛخ ٔرًزذ انٗ رشثخ طُٛٛخ غٛش اَزفبخٛخ ثطٕل يغبٔ٘ انٗ 09الاَزفبخٛخ ٔرقم ثُغجخ رصم انٗ )
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رى اعزُجبط يعبدنخ احصبئٛخ ٔركٍٕٚ  ط.ضعف عًك طجقخ انزشثخ الاَزفبخٛخ ثغجت انحصٕل عهٗ يقذاس اصاحخ ضئٛم نلاعب

( ثبلاعزًبد عهٗ انُزبئج انًغزحصهخ SPSS 17يٕدٚم سٚبضٙ رى انحصٕل عهّٛ ثأعزخذاو انجشَبيج الاحصبئٙ انًعشٔف ثـ )

يٍ انزحهٛم ثأعزخذاو َظشٚخ انعُبصش انًحذدح ثحٛث ًٚكٍ اٚجبد اقصٗ اصاحخ عبيٕدٚخ نًُظٕيخ الاعبط انجذٚذح رحذ رأثٛش 

 %(.8..0َزفبخ ثذلانخ انًزغٛشاد انثلاثخ انزٙ ركشد عبثقب ثذسجخ عبنٛخ يقذاسْب )الا

 
 

1. INTRODUCTION 

Many plastic types of clay swell considerably when water is added to them and then shrink with 

loss of water. Foundations constructed on such clays are subjected to large uplifting forces 

caused by swelling. These forces induce heaving, cracking, and the breakup of both building 

foundations and slab-on-grade members Das, 2011. Expansive soil is a term applied to any soil 

that undergo detrimental changes in volume because of variations in moisture content. These 

soils subject to cycles of wetting-drying and swell when taking up water during wet seasons and 

shrink because of evaporation of water in dry spells ,Chen, 1988, Nelson and Miller, 1992. Such 

soils are considered natural hazards that pose challenges to civil engineers, construction firms, 

and owners. Based on ,Chen, 1988, the six major natural hazardous are earthquakes, landslides, 

expansive soils, hurricanes, tornados and floods. Over the last four decades, relentless efforts 

were made to understand and solve the problems associated with engineering on expansive soils. 

Several methods can be used to minimize the effect of the damage caused by expansive soils. 

These include soil replacement, physical and chemical treatment and use of special techniques. 

The application of these methods will keep intact over a long period of time. Many of them, 

however, have certain limitations and may be very costly, Dafalla and Shamrani, 2012. 

Keeping these shortcomings in view, an attempt to develop a simple, easy to install and cost-

effective alternative foundation system, this research presents a simple foundation technique in 

the name of Granular Pile Anchor (GPA) foundation system as a dependable solution to suppress 

or tolerate heaving developed by expansive soils. 

 

2. CONCEPT OF (GPA-FOUNDATION SYSTEM) 

The granular pile anchor (GPA) is an innovative foundation technique, devised for mitigating 

heave of expansive clay and improving their engineering behavior. It is a modification of the 

conventional granular pile, wherein an anchor is provided in the pile to render it tension-

resistant. Granular piles are a well-known ground improvement technique used for reducing the 

settlement and increasing load-carrying capacity of soft clay beds ,Hughes and Withers, 1974. 

In a granular pile anchor, the foundation is anchored at the bottom of the granular pile to an 

anchored steel plate with the help of a mild steel road. This renders the granular pile tension-

resistant and enables it to offer resistance to the uplift force exerted on the foundation by the 

swelling soil, Phanikumar, 1997, Phanikumar et al., 2004, Rao et al., 2007 and Phanikumar 

et al., 2008). Fig. 1 shows a typical schematic representation of the fundamental concept of a 

granular pile anchor (GPA) and the various forces acting on the foundation. The uplift force 

(PUplift) acting on the base of the foundation in the vertical direction is due to the swelling 

pressure (Ps) of the expansive soil. This uplift force is resisted by the weight of the granular pile 

(W) acting in the downward direction. The friction mobilized along the pile-soil interface also 

resists the upward movement of the foundation. This friction is generated mainly because of the 

anchor in the system. The upward resistance is further augmented by the lateral swelling 

pressure, which confines the granular pile anchor radially, increases the friction along the pile-

soil interface, and prevents it from being uplifted, Phanikumar, 1997, Phanikumar et al., 2004, 

Rao et al., 2007 and Phanikumar et al., 2008.  
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3. OBJECTIVES 

Due to limited knowledge currently available in the literature about (GPA), the present study is 

an attempt aiming at insight understanding to the behavior and performance of (GPA) in 

expansive soils in reduce the heave. The following aspects are covered: 

1- The behavior of (GPA-Foundation System) under heave. 

2- The validity and suitability of (GPA) as a dependable solution for problems in expansive soils.  

Different parameters will be investigated that would be account for in the design of (GPA), such 

as (GPA) length (L), diameter (D), expansive soil layer thickness (H), shallow footing diameter 

(B), (L/D)  ratio, (L/H) ratio, (B/D) ratio and presence of non-expansive soil.  
 

4. METHODOLOGY 

The study is divided into two phases including: 

1- Experimental Phase: A cylindrical physical steel model with (30 cm) diameter and (50 cm) 

height has been built up and planned experimental laboratory testing program has been 

performed on expansive soil bed prepared from silty clayey soil.  

2- Numerical Phase: A numerical model has been used and solved to analyze the described 

problem in the field. A software finite element program PLAXIS 2D-Version 8.2 packages is 

used to solve such problem depending on the adopted non-linear elastoplastic models. 
 

5. EXPERMINTAL WORKS 

The expansive clay used in this investigation was collected from Al-Wahda Discrete at Al-Mosul 

governorate in the north of Iraq, from a depth of about (1-1.5) m below the ground level. A series 

of rotten laboratory tests was carried out on the expansive soil samples to obtain physical, 

mechanical, and swelling soil properties. Table 1 shows the properties of expansive soil used. 

The granular material used for the installation of the granular piles was dense sand with (75 %) 

relative density. Table 2 shows the properties of sand used. Heave tests were performed in metal 

cylindrical container of (0.3 m) diameter and (0.5 m) height. The expansive soil bed is prepared 

firstly by laying a filter paper covered with thin layer (30 mm) of poorly graded sand, as a 

drainage layer. All internal sides of container are covered with petroleum jelly to diminish 

friction effect. After thorough mixing with water, the soil lumps are spread inside the model 

container at maximum dry unit weight of (16.3 kN/m³) and optimum moisture content of (21.5 

%)which is obtained using standard compaction testin form of eight layers. Each layer have a 

compacted thickness of (5 cm) and contain  (5.76 kg) of soil to give the total depth and weight of 

expansive soil inside the model container of (40 cm) and (46 kg).The uniformity in the soil bed 

is checked by measuring the unit weight and moisture content at various depths of the soil bed. 

The (GPA) installed in expansive soil bed by made a holein the center of the expansive soil bed 

surface by driving a steel pipe gradually in specified diameter up to the required depth. The unit 

of anchor rod with the bottom anchor plate of specified diameter and depth is placed vertically in 

the hole. Simultaneously, the hole is filled with poorly graded sand gradually and compacted 

gently using steel tamping rod in required relative density (75 %). Finally, granular pile anchor 

(GPA) is formed in specified depth and diameter at an average dry unit weight of (16.9 kN/m³). 

The (GPA) length was varied as (10, 20, 30, and 40) cm and the diameter as (1, 2, 3, and 4) cm 

to give a different ratios of (L/D). A circular mild steel plate of (20 cm) diameter was used as the 

surface shallow footing in the heave tests. A total of (16) test was conducted for studying the 

heave behaviour of (GPA-Foundation System). Fig. 2 and 3 show the experimental setup of 

heave test. The soil bed is wetted gradually by adding the water from the top and continuously 

pumping water from the base of model container using water pump and controlled valve. Water 

pump system is used as a vacuum to accelerate the saturation of expansive soil bed by 
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continuously suction the water from model container.The model was left under the saturation 

and amount of heave is measured and continuously monitored with time until there is no further 

swelling. At this stage, saturation of soil bed is conformed and the test is completed.  
   

6. RESULTS AND DISCUSSIONS OF EXPERMINTAL WORKS 

The results of unreinforced and reinforced expansive soil bed with (GPA) are obtained as shown 

in Table 3 and Fig 4 to 7. Generally, the heave response appears non-linear behavior and 

increases continuously with time until reach the equilibrium after (7) days for unreinforced 

expansive soil bed and (4) days for reinforced expansive soil bed with (GPA). The results 

showed that the unreinforced expansive soil attained a final heave of (26 mm) and the heave of 

(GPA-Foundation System) decreases with installation of (GPA) in expansive soil. This may 

indicate the efficiency of (GPA) in reducing the heave. This in agreement with ,Phanikumar, 

1997, Phanikumar et al., 2004, Rao et al., 2007, Phanikumar et al., 2008, Ismail and Shahin, 

2011 and Krishna et al, 2013. The results showed that, there are three main variables 

controlling heave behavior of (GPA-Foundation System) that can be categorized as [(L/D) ratio, 

(L/H) and (B/D) ratio]. The heave of (GPA-Foundation System) is affected by one or all theses 

variable, the heave reduction and degree of improvement increases with increasing (L/D) ratio, 

(L/H) ratio and decreases with increasing (B/D) ratio at a given two variables. The percentage 

heave reduction and degree of improvement can be expressed as a percentage from the 

maximum heave without (GPA) by the following equation: 

 

                     ( )  (
      

 

   
 )                                                                                ( ) 

 

Where: 

Hvo: is the maximum heave of footing without (GPA) reinforcement.  

H'v: is the maximum heave of footing with (GPA) reinforcement.  

 

It can be noted that, slightly reduction in heave was observed at [(L/D=10), (L/H=0.25) and 

(B/D=20)] with (7.8 %) degree of improvement, while higher reduction in heave was observed at 

[(L/D=10), (L/H=1) and (B/D=2.5)] with (38.1 %) degree of improvement. This reflects the 

ability and efficiency of a single (GPA) in reducing the heave when embedded in an expansive 

soil and anchored to the shallow footing. This performance agrees with the results obtained from, 

Phanikumar, 1997, Phanikumar et al., 2004, Rao et al., 2007, Phanikumar et al., 2008,and  

Krishna et al, 2013. The results of (GPA-Foundation System) showed that, there is a great 

effect on the time of heave development. The time period required for attaining the final amount 

of heave in the case of reinforced expansive soil with (GPA) was (4/7) of that for unreinforced 

expansive soil. This performance agrees with the results obtained from,Phanikumar, 1997, 

Phanikumar et al., 2004 and Phanikumar et al., 2008. 

 
7. NUMERICAL MODELLING OF HEAVE OF (GPA-FOUNDATION SYSTEM) 

In this study, PLAXIS 2D-Version 8.2 program is used in numerical modelling and analysis of 

heave problems of (GPA-Foundation System). The problem deals with shallow circular footing 

rest on the expansive soil layer reinforced with (GPA) models with different length and diameter. 

For comparison, the circular footing rest on the expansive soil without (GPA) is also modelled 

here. The purpose of the problems is to calculate the maximum heave under the footing. The 

expansive soil layer is located above a layer of saturated stable clay with (6 m) thickness. The 
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active zone of the expansive soil is chosen to be (4 m); at this depth, the water table rising causes 

a considerable swelling in expansive soil. Fig. 8 shows the sketch of described problem. 

Axisymmetric type model is chosen, it is the best option for circular models. The soil parts are 

modelled using 15-node triangular element. The shallow footing and anchor plate are modelled 

using plate element, while the anchor rod is modelled using node-to-node element. The footing 

diameter was fixed at (2 m), and the (GPA) length was varied from (2-8) m and diameter was 

varied from (0.2-0.8) m. So, the ratio of length to diameter was ranged as (2.5 to 40) and the 

ratio of the footing diameter to (GPA) diameter varied as (2.5 to 10). The thickness of expansive 

clay layer is fixed at (4 m) and thickness of non-expansive clay layer is fixed at (6 m), so, the 

ratio of (GPA) length to expansive soil thickness was varied as (0.5-2). The boundary conditions 

are assumed using standard fixity. This means a full fixity at the base of the geometry and, roller 

conditions at the vertical sides. Figs. 9, 10 and 11 show the finite element models of heave 

problems. The clay of expansive and non-expansive soil layers are modelled using Mohr-

Coulomb (MC) model, assumed to behave in an undrained manner. The granular pile sand is 

modelled using Mohr-Coulomb (MC) also. It is assumed to behave in a drained manner. The 

rigid steel is used as a material for both anchor plate, anchor rod and shallow footing and 

assumed as linear elastic model. The flexural rigidity of anchor plate, anchor rod and footing 

assumed as very high to avoid unnecessary buckling and deformation. All materials and models 

with set of parameters are listed in Tables 4 and 5. The simple global finite element mesh of 

model is generated using the coarse setting to allow a more accurate stress distribution as shown 

in Figs. 12 and 13. The swelling of expansive soil layer is modelled by applying a positive 

volumetric strain of (6.5 %) to the expansive clay cluster. In reality, the rate at which expansive 

clay would normally swell depends on the location from the source of moisture and magnitude of 

overburden pressure. However, for simplicity, in the analyses presented herein, the volumetric 

strain was applied uniformly across the full thickness of the expansive soil layer. 

 

8. RESULTS AND DISCUSSIONS OF NUMERICAL MODELING 

The numerical results of heave of unreinforced and reinforced expansive clay with (GPA) are 

obtained as shown in Table 6, and Figs. 14, 15 and 16. The results reflect the efficiency of 

(GPA) to reduce the heave (GPA-Foundation System). The maximum heave of footing resting 

on unreinforced expansive soil with (GPA) is observed as (260 mm). In case of footing resting 

on reinforced expansive soil with (GPA) models, i.e. (GPA-Foundation System), the results 

showed that the maximum heave of footing decrease with increasing the (GPA) size, the heave 

decrease with increasing (GPA) length and diameter due to anchorage action of (GPA) and there 

are three main variables controlling behavior of (GPA-Foundation System) under the heave. 

These variables are (L/D) ratio, (B/D) ratio and (L/H) ratio, this performance in agreement with 

the experimental modeling. The results also showed that, the (GPA) could be extended to the 

non-expansive soil layer or stable zone at sufficient depth to provide the anchorage zone help the 

(GPA) to resist the heave. (69%) reduction in heave when single (GPA) embedded in the 

expansive soil depth layer and (90.4 %) reduction in heave can be obtained when single (GPA) 

embedded in expansive clay layer and extended into non-expansive clay layer at the same 

embedded length. The efficiency of the (GPA-Foundation System) in arresting the heave induced 

by expansive soil layer is illustrated in Fig. 17. The figure relates the normalized maximum 

heave ratio (Hv'/Hvo) with (L/D) ratio of (GPA) for different ratios of (B/D), where (Hv') 

represent the maximum heave of footing with (GPA) reinforcement, while (Hvo) represent the 

maximum heave of footing without (GPA) reinforcement. It can be noted that for a given (B/D) 

ratio, the maximum heave decrease with increasing (L/D) ratio due to increasing (GPA) length. 

This means the (GPA) movement strongly dependent on the (GPA) size; the ability of the system 
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to resist various rates of swelling seems to improve with increasing the (GPA) size. As 

interpreted previously in the experimental works, this attributed to the anchorage action (GPA) 

that resulting from (GPA) weight and shear stress mobilized along (GPA) body, of them 

increases when (GPA) size increases. The heave can be reduced from (260 mm to 25 mm) at 

(L=8 m and D=0.8 m) i.e., (L/D=10) with (90.4 %) reduction in heave. Fig. 18 displays the 

relationship between normalized maximum heave ratio (Hv'/Hvo) with (L/H) ratio for different 

(B/D) ratios. It can be seen that for a given (B/D) ratio, the heave decreases when (L/H) 

increases due to increasing the (GPA) length. Dramatic reducing in heave was observed when 

(GPA) penetrated in non-expansive clay layer at sufficient length, this means the (GPA) can be 

penetrate the non-expansive clay layer (stable zone) to provide a sufficient anchorage in the base 

of (GPA) help it in arresting the heave. This behavior can be attributed to increase the shear 

resistance in circumference of penetrate length of (GPA). The results showed that, the (GPA) 

could be extended to non-expansive clay layer with thickness not less than thickness of 

expansive clay layer thickness to provide a sufficient anchorage at (GPA) base. The heave 

dropped from (260 mm) to (25 mm) when (L/H=2) at (D=0.8 m and L=8 m) with (90.4 %) 

reduction in heave, while, the heave reduced to (204 mm) when (L/H=0.5) and to (81 mm) when 

(L/H=1) at the same size of (GPA) with (21.54 %) and (69 %) reduction in heave respectively. 

Fig. 19 shows the relationship between normalized maximum heave ratio (Hv'/Hvo) and (B/D) 

ratio for different ratios of (L/H). The figure presents the effect of the footing diameter (B) on 

the heave response of (GPA- Foundation System). It can be seen that for a given (L/H) ratio, the 

maximum heave increases with increasing (B/D) ratio due to increasing footing diameter. The 

reason of this behavior can be understood as the following: when the footing diameter increases 

with constant (GPA) diameter, the annular area of the footing on which the swelling pressure 

acts is increased resulting increases in the heave of the (GPA-Foundation System). Dramatic 

reduction in heave can be obtained at (B/D=2.5), where the heave reduced from (260 mm to 25 

mm) with (90.4 %) reduction in heave.  

 

9. MATHEMATICAL MODELLING OF HEAVE OF (GPA-FOUNDATION SYSTEM) 

An attempt is made to develop a mathematical modelling relate the heave of footing resting on 

reinforced expansive soil with a single (GPA) with three effective variables (L/D), (B/D) and 

(L/H). The results of finite element analysis are merged and entered in a multiple linear 

regressions statistical analysis using SPSS Statistics 17.0 to develop a mathematical model that 

relates the ratio of (Hv'/Hvo) as a dependent variable to (L/D), (B/D) and (L/H) as independent 

variables. A general equation relates all variables were obtained in the following form with very 

good degree of correlation (R
2
=0.923): 

 

 

  
 

   
            (

 

 
 )        (

 

 
)      (

 

 
)                                                                    ( ) 

 

Where: 

Hvo: Maximum heave without (GPA) reinforcement 

Hv': Maximum heave of with (GPA) reinforcement 

L: Length of (GPA) 

D: Diameter of (GPA) 

H: Depth of expansive soil layer 

B: Diameter of shallow footing 
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The derived equation is valid within the ranges of the variables they were developed from. The 

ranges of variables can be seen in Table 7. To verify the validity of the equation, the predicted 

values of heave are compared with observed values obtained previously from laboratory test 

results as shown in Table 8)and Fig. 20. It can be seen that, the values agree well with (98 %) 

degree of correlation and consider under estimation, conforming the validity of derived equation.   

10. CONCLUSIONS 

An extensive laboratory testing and numerical modeling and analysis was conducted to study the 

performance of Granular Pile Anchor (GPA) in expansive soil. The research work focuses on 

studying the efficacy and ability of the innovative (GPA) system in minimizing heave of 

foundations laid on expansive clay. The conclusions drawn from the different aspects of the 

study in this paper may be summarized as follows: 

1- Installation of (GPA) in expansive soil reduces the amount of heave effectively. Of the 

various combinations of length (L) and diameter (D) of (GPA), the amount of heave reduces 

with increasing both length and diameter.  

2- The maximum heave of (GPA-Foundation System) is controlled by three main independent 

variables, (GPA) length to diameter (L/D) ratio, (GPA) length to expansive soil active thickness 

(L/H) ratio and footing diameter to (GPA) diameter (B/D) ratio.  

3- The efficacy of (GPA) in reducing the heave can be improved when (GPA) embedded in 

expansive soil layer and extend to non-expansive clay layer (stable zone) at sufficient depth. The 

maximum of about (38 %) reduction in heave is observed when (GPA) embedded in expansive 

soil layer at (L=H) and reaches to (90.4%) at (L=2H) i.e. (GPA) extend to stable zone at length 

equal to thickness of expansive soil layer, this performance was observed at (L/D=10) and 

(B/D=2.5).  

4- Reduction in (GPA-Foundation System) can be attributed to the (GPA) weight, the frictional 

resistance mobilized along the (GPA)-soil face, the effect of anchorage which made the (GPA) to 

resist the uplift force applied on the foundation. In addition, the developed lateral swelling 

pressure resulting from surrounding expansive clay which confines the (GPA) radially increases 

the upward resistance.   

5- Installation of (GPA) in expansive soil reduces the time of heave and the rate of heave become 

faster. The expansive soil reinforced with (GPA) adjusted quickly to moisture changes because 

of the higher permeability of the granular material. The high permeability characteristics of 

(GPA) allowed a quick circulation and absorption of water and the path of radial inflow of water 

became shorter, which led to a rather quick attainment of the final heave.The time period 

required for attaining the final amount of heave in the case of reinforced expansive soil with 

(GPA) was (3/7) of that for unreinforced expansive soil.  

6- An equation is obtained to calculate the maximum heave of (GPA-Foundation System). The 

equation is derived basing on statistical analysis of the obtained analysis results. 

 

REFRENCES 

 

-ASTM D4253-2007, Standard Test Method for Maximum Index Density and Unit Weight of 

Soils Using a Vibratory Table. 

-ASTM D4254-2007, Standard Test Method for Minimum Index Density and Unit Weight of 

Soils and Calculation of Relative Density.  

-ASTM D854-2007, Standard Test Method for Specific Gravity of Soil Solids by Water 

Pycnometer. 



 
Ala Nasir Aljorany 

Saad Farhan Ibrahim 

Ahmed Ibrahim Al-Adly 

Heave Behavior of Granular Pile Anchor-Foundation 

System (GPA-Foundation System) in Expansive Soil 

 

8 

 

-ASTM D422-2007, Standard Test Method for Liquid Limit, Plastic Limit and Plasticity Index of 

Soils. 

-ASTM D24884-2007, Standard Test Method for Classification of Soils for Engineering 

Purposes (Unified Soil Classification System). 

-ASTM D698-2007, Standard Test Method for Laboratory Compaction Characteristics of Soil 

Using Standard Effort.  

-ASTM D3084-2007, Standard Test Method for Direct Shear Test of Soil Under Consolidated 

Drained Condition.  

-ASTM D2435-2007, Standard Test Method for One-Dimensional Consolidation Properties.  

-ASTM D2166-2007, Standard Test Method for Unconfined Compression Strength of Cohesive 

Soil.  

-ASTM D4546 (A)-2007, Standard Test Method for One-Dimensional Swell or Settlement 

Potential of Cohesive Soils. 

-British Standard BS 1377-1990, Methods of Test for Soils for Civil Engineering Purposes, 

London, UK.  

-Chen, F. H. 1988, Foundations on Expansive Soils, 2
nd

 Edition, Elsevier Scientific Publishing 

Company. 

-Dafalla, M.A. and Shamrani, M.A. 2012, Expansive Soil Properties in a Semi-Arid Region, 

Research Journal of Environmental and Earth Sciences, Vol. (4), No. (11): 930-938. 

-Das, B.M. ,2011, Principles of Foundation Engineering,  7
th  

Edition, Cengage Learning, USA.  

-Hughes, J.M., and Withers, N.J. ,1974, Reinforcing of Soft Cohesive Soils with Stone Columns, 

Ground Engineering, London, Vol. (17), No. (3):  42-49. 

-Ismail, M.A. and Shahin, M.,2011, Finite Element Analysis of Granular Pile Anchors as A 

Foundation Option for Reactive Soils, International Conference on Advances in Geotechnical 

Engineering, Perth, Australia.  

-Krishna, P.H., Murty, V.R. and Vakula, J. ,2013, A Filed Study on Reduction of Flooring Panels 

Resting on Expansive Soils Using Granular Anchor Piles and Cushions, The International 

Journal of Engineering and Science (IJES), Vol. (2), No. (3): 111-115. 

-Nelson, J. D. and Miller, D. J. ,1992, Expansive Soils: Problem and Practice in Foundation and 

Pavement Engineering, John Wiley and Sons, Inc., New York, USA. 

-Phanikumar, B.R. 1997, A Study of Swelling Characteristics of and Granular Pile-Anchor 

Foundation System in Expansive Soils, Ph.D Thesis, JNTU, Hyderabad, India. 

-Phanikumar, B.R., Sharma R.S., Srirama, R.A and Madhav, M.R. 2004, Granular Pile-Anchor 

Foundation (GPAF) system for Improving Engineering Properties of Expansive Clay Beds, 

Geotechnical Testing Journal, ASTM, Vol. (27), No. (3): 279-287. 

-Phanikumar, B.R., Rao, A.S. and Suresh, K. ,2008, Field Behavior of Granular Pile Anchors in 

Expansive Soils, Ground Improvement Journal, Proceeding of Institution of Civil Engineering 

(ICE), Vol. (4): 199-206. 

-Phanikumar, B.R. and Amrutha, K. ,2011, Bulging Capacity of Granular Pile-Anchors, Pullout 

Capacity or Uplift Capacity of Granular Pile-Anchors through Bulging, VDM Verlag, USA.   

-Rao, A.S., Phanikumar, B.R., Babu, R.D. and Suresh, K. ,2007, Pullout Behavior of Granular 

Pile Anchors in Expansive Clay Beds In-situ, Journal of Geotechnical and Geoenvironmental 

Engineering, ASCE, Vol. (133), No. (5): 531–538, Via Iraqi Virtual Science Library (IVSL), 

www.IVSL.com. 

 

 

 

http://www.ivsl.com/


Journal of Engineering Volume   20   -   2014 Number 4  -   April 
 

 

9 
 

NOMENCLATURE 
ASTM 

B 

American society for testing and materials 

Footing width or diameter 

Cc Compression Index 

Cc Coefficient of curvature 

Cs Swelling index 

Cu Coefficient of  uniformity 

c Soil cohesion 

CH Clay with high plasticity 

D Diameter of granular pile anchor 

Dr Relative density of soil 

B/D Ratio of footing diameter to granular pile anchor diameter 

E Modulus of elasticity 

e Void ratio of soil 

eo Initial void ratio 

emax Maximum void ratio 

emim Minimum void ratio 

Gs Specific gravity of soil 

GPA Granular pile anchor 

H Expansive soil layer or bed thickness 

Hvo Maximum heave of footing without reinforcement with (GPA) 

Hv' Maximum heave of footing with (GPA) reinforcement 

L Length of granular pile anchor 

L/D Ratio of length to diameter of granular pile anchor    

L/H Ratio of length of granular pile anchor to expansive soil layer or bed thickness 

L.L Liquid limit 

MC Mohr-coulomb  

O.M.C Optimum moisture content 

PLAXIS Finite element code for soil and rock 

Ps Swelling pressure 

P.L Plastic limit 

P.I Plasticity index 

USCS Unified soil classification system 

W Granular pile anchor weight 

ΔH Heave or shrinkage  

ϕº Angle of internal friction of soil 

ψº Dilatancy angle 

νu Undrained poison's ratio 

γunst Unsaturated unit weight 

γsat Saturated unit weight 

γdry Dry unit weight 
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Figure 1. Concept of Granular Pile Anchor foundation system and forces acting on a Granular 

Pile Anchor (GPA) (After Rao et al., 2007). 

 

Table 1. Summary of physical, mechanical and chemical properties of expansive soil used. 

Test Name  Standard Soil Property Value  

Specific Gravity  (ASTM D-854) Specific Gravity (Gs) 2.73 

 

Atterberg Limits  

 

(ASTM D-4318) 

Liquid Limit (L.L) %  59 

Plastic limit (P.L) % 23 

Plasticity Index (P.I) % 36 
 

 

Grain Size Analysis 

Hydrometer  

 

 

(ASTM D-422) 

 

% Clay 51 

% Silt 42 

% Sand 7 

% Gravel 0 

Unified Soil Classification System (USCS) CH 

 

Standard Compaction  

 

(ASTM D-1557) 
Maximum Unit Weight (dry), kN/m³   16.3 

Optimum Moisture Content (O.M.C)% 21.5 

Initial Void Ratio (eo) 0.674 

 Unconfined Compression  (ASTM D-2216) Unconfined Compressive Strength (qu), kPa 165 

Undrained Unconsolidated (ASTM D-2850) Undrianed Cohesion (cu), kPa 70 

Expansive Clay Layer 

Shallow Footing Rest on Expansive 

Soil Layer with (B) Width or Diameter Anchor Steel Rod 

Anchor Steel Plate Granular Pile Anchor with Specified 

Length (L) and Diameter (D) 

Shear Force 

Swelling (Uplift) Pressure 

(Ps) 

Swelling (Uplift) Pressure 

Lateral Swelling Pressure  

(GPA) Weight (W) 

U 
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Table 2. Summary of physical, mechanical and chemical properties of sand used. 

 

 

 

 

 

 

 

 

 

 

Triaxial (UU)   Undrained Angle of Internal Friction (  u)
°
 10 

Direct Shear  at (0.02 

mm/min) adjusted Velocity 

(ASTM D-3084) 

 

Drained Cohesion (c'), kPa 5 

Drained Angle of Internal Friction (  )
°
  24 

 
One-Dimensional Swell or 

Consolidation  

 

 
(ASTM D-3084) 

Method (A) 

Compression Index (Cc) 0.332 

Swelling Index (Cs) 0.076 

Free Swelling (%) 6.5 

Swelling Pressure (kPa) 170 

 
Chemical Properties  

 

 
BS 1377: 1990 

Part 3 

Organic Matters Content (%) 1.93 

Gypsum Content (%) 1.85 

Total Soluble Salts Content (%) 1.05 

Sulphate (So3) Content (%) 0.86 

Test Name  Standard Property  Value  

Specific Gravity  (ASTM D-854) Specific Gravity (Gs) 2.66 

 

 
Grain Size Analysis Sieve 

Analysis 

 

 
(ASTM D-422) 

 

D10 0.179 

D30 0.308 

D60 0.5 

Coefficient of Uniformity (Cu) 2.793 

Coefficient of Curvature (Cc) 1.06 

  Unified Soil Classification System 

(USCS) 

SP 

Maximum Unite Weight  (ASTM D-253) Maximum Unit Weight (max), kN/m³    18.1 

Maximum Unite Weight  (ASTM D-4254) Minimum Unit Weight  (min), kN/m³    13.6 

Chosen --- Experimental Relative Density (Dr) %  75 

Calculated --- Experimental Unit Weight  (dry),  kN/m³ 16.72 

Calculated --- Maximum Void Ratio (emax) 0.956 

Calculated --- Minimum Void Ratio (emim) 0.469 

Calculated --- Experimental Void Ratio (eo) 0.591 
 

Direct Shear  
 

(ASTM D-3084) 
Cohesion (c), kPa 0 

Angle of Shearing Resistance ( )
°
 40 

 
Chemical Properties  

 

 
( BS 1377: 1990 

Part 3) 

Organic Matters Content (%) 0.31 

Gypsum Content (%) 0.78 

Total Soluble Salts Content (%) 0.88 

Sulphate (So3) Content (%) 0.36 
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Figure 2. Schematic details of heave test of unreinforced expansive soil bed. 
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Figure 3. Plate of (GPA-Foundation System) under the heave. 

 

Table 3. Summary of the maximum heave of expansive soil reinforced with (GPA) models at 

different lengths and diameters. 
 

(GPA) 

Diameter (cm) 

(GPA) 

Length (cm) 

(L/D)  

Ratio 

(L/H) 

 Ratio 

(B/D) 

Ratio 

Maximum 

Heave (mm) 

 

1 

10 10 0.25  

20 

24.0 

20 20 0.5 23.2 

30 30 0.75 22.4 

40 40 1 21.2 

 

2 

10 5 0.25  

10 

23.1 

20 10 0.5 22.7 

30 15 0.75 21.6 

40 20 1 19.2 

 

3 

10 3.3 0.25  

6.6 

22.0 

20 6.6 0.5 21.0 

30 10 0.75 19.2 

40 13.3 1 17.1 

4 10 2.5 0.25  

2.5 

21.0 

20 5 0.5 20.1 

30 7.5 0.75 18.3 

40 10 1 16.1 
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Figure 4. Heave–time relationship for reinforced 

expansive soil with (GPA) at 1 cm diameter. 

 

Figure 5. Heave–time relationship for reinforced 

expansive soil with (GPA) at 2 cm diameter. 

Figure 6. Heave–time relationship for reinforced 

expansive soil with (GPA) at 3 cm diameter. 

 

Figure 7. Heave–time relationship for reinforced 

expansive soil with (GPA) at 4 cm diameter. 
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       Figure 8. Descriptive sketch of large scale heave problems. 
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Figure 9. 2D-Axisymmetric model, unreinforced expansive clay. 
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Figure 10. 2D-Axisymmetric model,  

(GPA) within the expansive clay layer.  
 

Figure 11. 2D-Axisymmetric model,  

(GPA) extended to the non-expansive clay layer.  
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Figure 12. Finite element mesh of foundation system without (GPA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 13. Finite element mesh of (GPA-Foundation System), GPA extended to the non-

expansive clay layer. 

Total Number of Elements=150 

Number of Nodes=1277 

Average Element Size=0.8165 m 

Total Number of Elements=116 

Number of Nodes=993 

Average Element Size=0.928 m 
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Table 4. Soil parameters set considered for heave response problems. 

 

Table 5. Steel properties set considered for heave response problems. 
 

Model Type    
Model 

Parameters   

Footing Model  Anchor Plate  Anchor Rod 

Steel   Steel Steel 

 

Linear Elastic 

EA (kN/m
2
) 5⨯10

6 
5⨯10

6
 2⨯10

6
 

EI (kN/m
2
/m) 4⨯10

4 
1⨯10

4 - 

ν 0.15 0.15 0.15 

 

Table 6. Summary of the maximum heave of unreinforced and expansive soil reinforced with 

(GPA) models at different lengths and diameters. 
 

(GPA) Diameter 

(m) 

(GPA) 

Length (m) 

(L/D)  

Ratio 

(L/H)  

Ratio 

(B/D) 

Ratio 

Maximum 

Heave (mm) 

Footing Resting on Unreinforced Expansive Soil  260 

 
0.2 

2 10 0.5  
10 

225 

4 20 1 189 

6 30 1.5 130 

8 40 2 115 

 
0.4 

2 5 0.5  
5 

215 

4 10 1 170 

6 15 1.5 100 

8 20 2 84 

 
0.6 

2 3.3 0.5  
3.3 

209 

4 6.6 1 124 

6 10 1.5 56 

8 13.3 2 40 

 
0.8 

2 2.5 0.5  
2.5 

204 

4 5 1 81 

6 7.5 1.5 38 

8 10 2 25 

 

 

 

 

Model 

Type 

Model 

Parameters 

 

Expansive Clay 

Undrained Method  

(A) 

Granular Pile Sand 

Drained 

--- 

Non-Expansive Clay 

Undrained Method  

(A) 

 

M
o
h
r-

C
o
u
lo

m
b
 

(M
C

) 
M

o
d
el

 

γusat (kN/m³) 16 17 16 

γsat (kN/m³) 19 20 19 

E'ref (kPa) 5000 50000 5000 

c'ref (kN/m
2
) 5 0.1 5 

    24 40 24 

ψ  0 0 0 

νnu 0.35 0.3 0.35 
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Figure 14. Shading diagram of the vertical displacement distribution resulting from the heave 

for unreinforced expansive clay in (m). 

 

 

 

 

 

 

 

 

 

Figure 15. Shading diagram of the vertical displacement distribution resulting from the heave 

for (GPA at L=2 m and D=0.8 m) in (m). 
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Figure 16. Shading diagram of the vertical displacement distribution resulting from the heave 

for (GPA at L=8 m and D=0.8 m) in (m). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Relationship between the normalized maximum heave (Hv'/Hvo) and (L/D) ratio of 

(GPA) for different ratios of (B/D) - (L/D) ratio effect. 
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Figure 18. Relationship between the normalized maximum heave (Hv'/Hvo) and (L/H) ratio of 

(GPA) for different ratios of (B/D) - (L/H) ratio rffect. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Relationship between the normalized maximum heave (Hv'/Hvo) and (B/D) ratio of 

(GPA) for different ratios of (L/H) - (B/D) ratio effect. 
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Table 7. Variables limitation for the heave equation. 

Variable  Minimum  Maximum  

(L/D) Ratio 2.5 40 

(B/D) Ratio 2.5 10 

(L/H) Ratio 0.5 2 

 

Table 8. Comparison between the predicted and observed heave. 

(GPA) 

Diameter (cm) 

(GPA) 

Length (cm) 

(L/D) 

Ratio 

(L/H) 

Ratio 

(B/D) 

Ratio 

Predicted 

Heave (mm) 

Observed 

Heave (mm) 

 

2 

20 10 0.5  

10 

22.88 22.7 

30 15 0.75 21.06 21.6 

40 20 1 19.24 19.2 

 

3 

20 6.67 0.5  

6.67 

21.24 21.0 

30 10 0.75 18.94 19.2 

40 13.33 1 16.64 17.1 

 

4 

20 5 0.5  

5 

20.41 21.1 

30 7.5 0.75 17.87 18.3 

40 10 1 15.34 16.1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Relationship between the predicted and observed heave of (GPA-Foundation 

System). 
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ABSTRACT 
The objective of an Optimal Power Flow (OPF) algorithm is to find steady state operation 

point which minimizes generation cost, loss etc. while maintaining an acceptable system 

performance in terms of limits on generators real and reactive powers, line flow limits etc. The OPF 

solution includes an objective function. A common objective function concerns the active power 

generation cost. A Linear programming method is proposed to solve the OPF problem. The Linear 

Programming (LP) approach transforms the nonlinear optimization problem into an iterative 

algorithm that in each iteration solves a linear optimization problem resulting from linearization both 

the objective function and constrains. A computer program, written in MATLAB environment, is 

developed to represent the proposed method. The adopted program is applied for the first time on 

Iraqi 24 bus Extra High Voltage (EHV) network (400 kV). The required are data taken from the 

operation and control office, which belongs to the ministry of electricity. 

 

Keywords: Optimal power flow, linear programming, active power dispatch.  

 

 غظ الفائق العراقيةم طريقة البرمجة الخطية لشبكة الضالسريان الأمثل للطاقة بأستخذا

 
 منتظر فاضل متعب . فراس محمذ طعيمةد

 ذست انكهشببءُقسى ه أسخبر يسبعذ

 / جبيعت بغذادكهٍت انهُذست كهٍت انهُذست/ جبيعت بغذاد

 

 الخلاصة

 حكهفت مٍقهح إنىحؤدي  سخقشةيىحذة وي عًم َقطت عهى انعثىس هى( OPF) الأيثم انقذسة سشٌبٌانًقخشحت ن خىاسصيٍتان يٍ انهذف

، نذةانًخى فعبنت وانغٍش انفعبنت انقذسة عهى انًفشوضت دحذوان حٍث يٍ ًجًم انشبكتن يقبىل أداء عهى انحفبظ يع شانخسبئ أو، انخىنٍذ

 انقذسة حىنٍذ بكهفت ٌخعهق فًٍب هً انشبئعت انهذف دانتو. هذف دانت ٌخضًٍ OPFبأسخخذاو  حمان. انُقم بخظ انقذسة سشٌبٌ وحذود

 انخطٍت غٍش انخحسٍٍ يسبنت ححىل( LP) انخطٍت انبشيجت طشٌقت. OPFنحم (LP) انخطٍت انبشيجتطشٌقت  حٍث حى اقخشاح، انفعبنت

 دانت يٍ نكم خطٍت دانت إنى انخحىٌم عًهٍت عٍ انُبحجت انخطٍت انخحسٍٍ يسبنت ٌحم حكشاس كم فً حٍث حكشاسٌت خىاسصيٍت إنى

 انبشَبيج وٌطبق.انًقخشحت انطشٌقت مٍنخًث، MATLAB بٍئت فً وكخب، اَنًبأسخخذاو انحبسب  بشَبيج كىٌٍ حًج. وانقٍىد انهذف

لاصيت ان انبٍبَبثحٍث حى اخز . عقذة 24 يٍ حخكىٌ انخً( كٍهىفىنج 400) انعشاقٍت انفبئق انضغظ شبكت عهى يشة لأول اعخًذ انزي

 .انعشاقٍت انكهشببء وصاسة انى انخببعت، وانخحكى انخشغٍم دائشة يٍ
 

 انسشٌبٌ الأيثم نهطبقت، انبشيجت انخطٍت، َقم انطبقت انحقٍقٍتالكلمات الرئيسية: 

mailto:Dr.Firas@coeng.uobaghdad.edu.iq
mailto:montather87@gmail.com


A Linear Programming Method Based Optimal Power 

Flow Problem for Iraqi Extra High Voltage Grid (EHV) 

Firas Mohammed Tuaimah 

Montather Fadhil Meteb 
 

24 

 

I. INTRODUCTION 

Throughout the entire world, the electric power industry has undergone a considerable change in the 

past decade, and will continue to do so for the next several decades. In the past, the electric power 

industry has been either a government-controlled or a government-regulated Industry which existed 

as a monopoly in its service region. All people, businesses, and industries were required to purchase 

their power from the local monopolistic power company. This was not only a legal requirement, but a 

physical engineering requirement as well. It just did not appear feasible to duplicate the resources 

required to connect everyone to the power grid. Over the past decade, however, countries have begun 

to split up these monopolies in favor of the free market Barkovich 1996, Morgan 1996and Rudnick 

1996. 

Optimal Power Flow (OPF) solution methods have been developed over the years to meet this 

very practical requirement of power system operation Acha 2000, El-Hawary 1986,Giacomoni 

2010 and Huneault 1991. 

The optimal power flow problem has been  discussed since its introduction by Carpentier 

Khaled 2008. Because the OPF is a very large, non-linear mathematical   programming problem, it 

has taken decades to develop efficient algorithms for its solution. Many different mathematical 

techniques have been employed for its solution. The majority of the techniques discussed in the 

literature use one of the following five methods Alsac 1990, Dommel 1968, Sun 1984 and  Wood 

1996. 

1. Lambda iteration method, also called the equal incremental cost criterion (EICC) method. 

2. Gradient method.  

3. Newton’s method.   

4. Linear programming method.  

5. Interior point method. 

The Linear Programming (LP) approach transforms the nonlinear optimization problem into an 

iterative algorithm that in each iteration solves a linear optimization problem resulting from 

linearizing both the objective function and constrains Alsac 1990, Chamorel 1983, Tareq 2008 and  

Ye Tao 2009. 

     The large - scale application of LP - based methods has traditionally been limited to network 

constrained real and reactive dispatch calculations whose objectives are separable, comprising the 

sum of convex cost curves. The accuracy of calculation may be lost if the oversimplified 

approximation is adopted in LP - based OPF. The piecewise linear segmentation of the generator fuel 

cost curve should be good for avoiding this problem. The piecewise approach can fit an arbitrary 

curve convexly to any desired accuracy with a sufficient number of segments. Originally, a separable 

LP variable had to be used for each segment, with the resulting large problems with multi segments 

cost curve modeling were prohibitively time and storage consuming. The difficulty was alleviated 

considerably by a separable programming procedure that uses a single variable per cost curve, 

regardless of the number of the segments. However, the number of segments still affects the solution 

speed and precision, Jizhong Zho 2009. 

     This paper presents an LP-based OPF for generation cost minimization using as control variables 

the generator active power and generator voltage. It is intended to overcome the constraints of current 

LP-based OPF algorithms. The main problem of the current algorithms is the loss of accuracy of the 

linear approximation of the objective function when the changes of the control variables are not small 

enough. An attempt to address this issue consists of imposing limits to the deviation of control 

variables, Alsac 1990 . Although this approach solves the problem, the convergence of the algorithm 

becomes very slow. The LP based OPF proposed in this paper improves the accuracy of the linear 

approximation of the objective function. The objective function is approximated by a piecewise 

linear function determined iteratively by segmented the objective function in each iteration. 
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  2. PIECEWISE LINEAR APPROXIMATION OF OBJECTIVE FUNCTION 

Assuming that the objective function is a quadratic characteristic, the objective function can be 

linearized by a piecewise linear approach. If the objective function is divided into N linear segments, 

the real power variable of each generator will also be divided into N variables. Fig. 1 is an objective 

function with three linear segments. The corresponding slopes are b1, b2, and b3, respectively Jizhong 

Zho 2009. 

From Fig. 1, the generator power output variables for each segment can be presented as below: 

 

≤ ≤ 



≤ ≤ 



≤ ≤ 



     If  is selected as the initial generator output power, the incremental generator power outputs 

for each segment can be expressed as: 

 

Δ =  −                                                                                                                          (4) 

 

Δ =  −                                                                                                                        (5) 

 

Δ =  −                                                                                                                         (6) 

 

Thus the constraint Eq. (1) to Eq. (3) become  

 

0 ≤ Δ ≤  −                                                                                                               (7) 

 

0 ≤ Δ ≤  −                                                                                                             (8) 

 

0 ≤ Δ ≤  −                                                                                                              (9) 

 

The piecewise linear objective function becomes 

 

   F =  =                                                                                               (10) 

 

Where; 
: The number of generators 

: The minimal real power output at generator i 

:The maximal real power output at generator i 

 

3. MATHEMATICAL FORMULATION OF THE ALGORITHM 

The objective function contains real power generation cost. Mathematically, it is formulated as 

follows: 

 

 F =                                                                                                                                   (11) 
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Subject to  

 

 =  +                                                                                                                      (12) 

 

 ≤ ij∊                                                                                                                              (13) 

 

≤ ≤     i ∊                                                                                                              (14) 

 

Where; 

P D : The real power load 

: The power flow of transmission line ij 

 : The power limits of transmission line ij 

: The network losses 

: The cost function of the generator i 

: The number of transmission lines 

: The number of loads 

Since loads are constant for the given time, we can get the following expression through linearizing 

the real power balance equation: 

 

 = 0                                                                                                             (15) 

 

     The real power flow equation of a branch can be written as follows: 

 

 =  − (  cos  +  sin  )                                                                                      (16) 

 

Where; 

: The sending end real power on transmission branch ij 

: The node voltage magnitude of node i 

: The difference of node voltage angles between the sending end and receiving end of the line ij 

: The susceptance of transmission branch ij 

: The conductance of transmission branch ij 

    Through linearizing Eq. (16), we get the incremental branch power expression as below: 

 

Δ  = −  (−  sin Δ +  cos Δ )                                                                             (17) 

 

     In a high - voltage power network, the value of is very small, and the following approximate 

equations are easily obtained: 

 

sin ≅ 0                                                                                                                                          (18) 

 

cos ≅ 1                                                                                                                                         (19) 
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  In addition, assume that the magnitudes of all bus voltages are the same and equal to 1.0 p.u. 

Furthermore, suppose the reactance of the branch is much bigger than the resistance of the branch, so 

that we can neglect the resistance of the branch. Thus, 

 

 

 = ≈ 0                                                                                                                           (20) 

 

 = ≈ ≈                                                                                                          (21) 

 

Substituting Eq. (18) to Eq. (21) in to Eq. (17) , we get 

 

Δ  = − Δ  = − (Δ ) =                                                                           (22) 

 

The above equation can also be written in matrix form, i.e., 

 

ΔPb=B′Δδ                                                                                                                                 (23) 

 

Where the elements of the susceptance matrix B′ are 

 

 =  =                                                                                                                         (24) 

 

 = −                                                                                                                          (25) 

 

The bus power injection equation can be written as 

 

=                                                                          (26) 

 

Since the load demand is constant, the linearization expression of  Eq.(26) can be written as below: 

 

Δ = )                                                                              (27)          

 

=                                                                              (28) 

 

     The above equation can also be written in the following matrix form 

 

  ΔPG=HΔδ                                                                                                                               (29) 

 

Eq. (29) stands for the relationship between the incremental generator output power (except for the 

generator that is taken as slack unit) and the incremental bus voltage angle. Matrix H can also be 

simplified by using Eq. (18) and Eq. (21). 

     According to Eq. (23) and Eq. (29), we can get the direct linear relationship between the 

incremental branch power flow and incremental generator output power, i.e., 

 

ΔPb=B′Δδ =B′H
−1

 ΔPG=D ΔPG                                                                                                         (30) 
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Where 

 

D=B′H
−1

                                                                                                                                              (31) 

 

 It is also called as the linear sensitivity of the branch power flow with respect to the generator power 

output. 

     Thus the linear expression of the branch power flow constraints can be written as: 

 

|D ΔPG | ≤ Δ                                                                                                                               (32) 

 

     The element of the matrix Δ  is the incremental power flow limit Δ  of the branch ij, 

i.e., 

 

Δ = −                                                                                                                            (33) 

 

     The incremental form of the generator output power constraint is , Jizhong Zho 2009 

 

 − ≤ Δ ≤ −        i ∊                                                                                      (34) 

 

4. THE PROPOSED METHOD IMPLEMENTATION 

The above mentioned method for solving optimal power by LP uses an iterative technique to obtain 

the optimal solution, so it is also called a successive linear programming (SLP) method. The solution 

procedures of SLP for optimal power flow are summarized below: 

Step1.  Select the set of initial control variables 

Step2.Solve the power flow problem to obtain a    feasible solution that satisfies the power balance 

equality constraint. 

Step3. Linearize the objective function and inequality constraints around the power flow solution and 

formulate the LP problem. Then solve the LP problem and obtain the optimal incremental 

control variables Δ .                  

Step4.  Update the control variables : 

 = + Δ  

Step5.  Obtain the power flow solution with updated control variables. 

Step6.  Check the convergence. If Δ  in Step 4.Are  bellow the user-defined tolerance, the solution 

converges. Otherwise, go to Step 3.  

Fig. 2 shows the flowchart of linear programming method Based optimal power flow problem. 

5. CASE STUDY 

        The Iraqi 400kV (EHV) network shown in Fig. 3 was chosen to implement the proposed LP 

algorithm for OPF.  

        The Iraqi EHV network consists of 24 bus bars, 38 transmission lines and 11 generating stations. 

Two operational case studies for the Iraqi network were chosen to be studied by this paper for 

optimal power flow solution. These two case studies are with cheap and expensive international fuel 

price conditions. 

All the data for this work was taken from the Iraqi operation and control office that belongs to the 

ministry of electricity. 
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Table 1 indicates transmission system parameters in p.u. / km (at a base of 100 MVA) for the three 

types of the transmission lines used in the Iraqi network. 

 

6. RESULTS 
       The algorithm described in this paper has been coded in MATLAB (R2008a) language. The 

performance of the algorithm is illustrated considering for a state of load of the operation of the Iraqi 

power system. The results obtained from using Linear Programming (LP) method are compared with 

the results obtained from power flow solution using Newton-Raphson method. It is worth mentioning 

that the distribution of loads on the power plants identified for Newton-Raphson so that we get less 

losses. There are four power plants run on two types of fuel to generate electric power, so we 

compared the results when they operate on the cheap fuel type and expensive fuel type. Fig.4 shows 

the voltage magnitude in per unit for each bus when cheap fuel price is used to generate power in 

power plants that operate on two types of fuel and for the two algorithms (Newton-Raphson and 

Linear Programming). 

Fig. 5 shows the generation of each plant for Newton-Raphson power flow solution compared 

with Linear Programming method when cheap fuel price is used, Fig. 6 shows the production cost 

when cheap fuel price is used 

 

Fig.7 shows the voltage magnitude for each bus when expensive fuel price is used to generate 

power in power plants that operate on two types of fuel and for the two algorithms (Newton-Raphson 

and Linear Programming). 

 

Fig. 8 shows the generation of each plant for Newton-Raphson power flow solution compared 

with Linear Programming method when expensive fuel price is used. 

Fig. 9 shows the variation of production cost through optimization using Linear Programming 

method (LP). 

 

7. CONCLUSION 

The Linear Programming (LP) algorithm is used for the first time on the Iraqi Extra High Voltage 

(EHV 400kV) Grid for optimal power flow to minimize the active power generation cost. paper has 

presented a LP based. 

The problem constraints are the coupled linearized power flow equations and the system variable 

limits. A piecewise linear approximation of the objective function is built by adding iteratively a 

tangent cut in each iteration. 

It can be also note that the results of the production cost are significantly decreased when using 

Linear Programming with the results derived in the case of Newton–Raphson. From Table 2 there is 

about 30.16% decrease in the production costs when using cheap fuel type, whereas there is about 

28.2% decrease in production costs when using expensive fuel type as given in Table 3. 

REFERENCES 

Acha, E., Ambriz-Pe´rez, H., Fuerte-Esquivel, C.R , 2000, Advanced Trans-former Control Modeling 

in An Optimal Power Flow Using Newton’s Method, IEEE Trans. Power Systems 15(1), pp. 290–298. 

 

Alsac O., J. Bright, M. Prais and B. Stott, , 1990, Further Developments in LP-Based Optimal Power 

Flow, IEEE Transactions on Power Systems, Vol. 5( 3), pp. 697-711. 

 

Barkovich B.R. and D. Hawk, 1996, Charting a New Course in California, IEEE Spectrum, Vol. 33, 

No. 7, July, pp. 26-31. 

 



A Linear Programming Method Based Optimal Power 

Flow Problem for Iraqi Extra High Voltage Grid (EHV) 

Firas Mohammed Tuaimah 

Montather Fadhil Meteb 
 

30 

 

KhaledZehar& Samir Sayah, 2008,  Optimal Power Flow with Environmental Constraint using a 

Fast Successive Linear Programming Algorithm, Application to the Algerian power system, Elsevier, 

Volume 49, Issue 11, November  pp. 3362–3366. 

Chamorel P-A., A. J. Germond, 1983, Optimal Voltage and Reactive Power Control in an 

Interconnected Power System with Linear Programming, CIGRE Study Committee 38, Montreaux. 

 

Dommel H. W. and W. F. Tinney, 1968, Optimal Power Flow Solutions, IEEE Transactions on 

Power Apparatus and Systems, Vol. PAS-87, October, pp. 1866-1876. 

 

El-Hawary, M.E., Tsang, D.H., 1986, The Hydro-Thermal Optimal Power Flow, A Practical 

Formulation and Solution Technique Using Newton’s Approach, IEEE Trans. Power Systems 

PWRS-1(3), pp. 157–167,. 

 

Huneault, M., Galiana, F.D., A, , 1991, Survey of the Optimal Power Flow Literature, IEEE Trans. 

Power Systems volume:6, Issue:2, pp. 762–770. 

 

JizhongZho, 2009, Optimization Of Power System Operation, Institute Of Electrical and Electronics 

Engineers John Wiley & Sons, Inc., Hoboken, New Jersey. 

 

Tareq A. Al-Muhawesh&Isa S. Qamber, 2008,The Established Mega Watt Linear Programming-

Based Optimal Power Flow Model Applied to The Real Power 56-Bus System In Eastern Province of 

Saudi Arabia, Elsevier, Volume 33, Issue 1, January, pp. 12–21. 

 

Giacomoni A.M.&Wollenberg B.F.,2010, Linear Programming Optimal Power Flow Utilizing 

 A Trust Region Method, IEEE, North American Power Symposium (NAPS) . 

 

Morgan M.G. and S. Talukdar, 1996 ,Nurturing R&D, IEEE Spectrum, Vol. 33, No.7, July  pp. 32-

33. 

 

Ye Tao,A , 2009, Sequential Linear Programming Algorithm for Security-Constrained Optimal 

Power Flow, IEEE, North American Power Symposium (NAPS) Conference. 

 

Rudnick H., 1996, Pioneering Electricity Reform in South America, IEEE Spectrum, Vol. 33, No. 8, 

August pp. 38-44. 

 

Sun D.I., B. Ashley, B. Brewer, A. Hughes and W. F. Tinney, 1984, Optimal Power Flow by Newton 

Approach, IEEE Transactions on Power Apparatus and Systems, Vol. PAS-103, October  pp. 2864-

2880. 

 

Wood J. and B. F. Wollenberg, 1996, Power Generation Operation and Control, New York, NY: John 

Wiley & Sons, Inc., pp. 39-517,. 

 

9. ABBREVIATIONS AND SYMBOLS 
 

EHV Extra high voltage 

LP Linear programming 

OPF Optimal power flow 

 
Self susceptance 

Bij Mutual susceptance 

http://www.sciencedirect.com/science/article/pii/S0196890408001854
http://www.sciencedirect.com/science/article/pii/S0196890408001854
http://www.sciencedirect.com/science/journal/01968904/49/11
http://www.sciencedirect.com/science/article/pii/S0360544207001478
http://www.sciencedirect.com/science/article/pii/S0360544207001478
http://www.sciencedirect.com/science/journal/03605442/33/1
http://ieeexplore.ieee.org/xpl/abstractAuthors.jsp?tp=&arnumber=5619970&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5619970
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Wollenberg,%20B.F..QT.&searchWithin=p_Author_Ids:37281830100&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5606057
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Ye%20Tao.QT.&searchWithin=p_Author_Ids:37932076500&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5478396


Journal of Engineering Volume   20   -   2014 Number 4  -   April 
 

 

31 

 

 
The generator fuel cost function 

 Self conductance  

Gij Mutual conductance 

 Active load power at bus i 

PGi Active power generated by unit i 

 Minimum generator active power limit 

 Maximum generator active power limit 

 Bus voltage at bus i 

ΔP 
Change in active power 

 Change in voltage angle 

 Change in voltage magnitude 

 Bus voltage angle at bus i 
 

Table1. Iraqi transmission line system parameters. 

Conductor 

Type 
 

R 

p.u. / km 

X 

p.u. / km 

 

 

B 

p.u. / km 

AAAC  0.00002167 0.000197  0.005837 

ACSS  0.0000228 
0.000186

8 
 0.005784 

ACSD  0.0000228 
0.000189

7 
 0.005962 

 

Table 2. Results when cheap fuel price is used. 

  NR  LP 

Total Active Gen.  4188.97 [MW]  4192.63 [MW] 

Total Reactive Gen.  11.74  [Mvar]  63.99  [Mvar] 

Total Active Load  4177  [MW]  4177  [MW] 

Total Reactive Load  1998  [Mvar]  1998  [Mvar] 

Total Active Loss  11.967  [MW]  15.633  [MW] 

Total Reactive Loss  104.97  [Mvar]  136.20  [Mvar] 

ProductionCost ($/h)  688960  481158.11 

 

Table 3.Results when expensive fuel price is used. 

  NR LP 

Total Active Gen.  4188.97 [MW]   4195.76 [MW] 

Total Reactive Gen.  11.74   [Mvar]  91.23  [Mvar] 

Total Active Load  4177  [MW] 4177  [MW] 

Total Reactive Load  1998  [Mvar] 1998  [Mvar] 

Total Active Loss  11.967  [MW] 18.756  [MW] 

Total Reactive Loss  104.97  [Mvar] 164.64  [Mvar] 

Production Cost ($/h)  974630 699679.68 
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Figure 1.  Piecewise linear objective function. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The flowchart of linear programming method based-optimal power flow problem. 
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Figure 3. Single line diagram of the Iraqi network 400kV. 
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Figure 4. Voltage magnitude at each bus with cheap fuel price. 
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Figure 5. Active power generation for each plant with cheap fuel price. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Production cost when cheap fuel price is used. 
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Figure 7. Voltage magnitude at each Bus with expensive fuel price. 
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Figure 8. Active power generation for each plant with expensive fuel price. 
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Figure 9.  Production cost when expensive fuel price is used. 
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ABSTRACT 

 In this paper, integrated quantum neural network (QNN), which is a class of feedforward 

neural networks (FFNN’s), is performed through emerging quantum computing (QC) with artificial 

neural network(ANN) classifier. It is used in data classification technique, and here iris flower data 

is used as a classification signals. For this purpose independent component analysis (ICA) is used as 

a feature extraction technique after normalization of these signals, the architecture of (QNN’s) has 

inherently built in fuzzy, hidden units of these networks (QNN’s) to develop quantized 

representations of sample information provided by the training data set in various graded levels of 

certainty. Experimental results presented here show that (QNN’s) are capable of recognizing 

structures in data, a property that conventional (FFNN’s) with sigmoidal hidden units lack. In 

addition, (QNN) gave a kind of fast and realistic results compared with the (FFNN). Simulation 

results indicate that QNN is superior (with total accuracy of 97.778%) than ANN (with total 

accuracy of 93.334%). 

 

Keywords: signal classification, artificial neural network, quantum computing, data analysis and 

fuzziness. 

 

 تصنيف البيانات بأستخدام الشبكة العصبية الكمية
 حسه سعد الله واجي

 قسم الهندسة الكهربائية / جامعة بغداد

.م.د. زيىب توفيق باقرأ  

الهندسة الكهربائية / جامعة بغداد قسم  
 أ.د. غسان حميد عبد المجيد 

 مركز الحاسبة / جامعة بغداد

 الخلاصة
يتطرق البحث الى الشبكة العصبية الكمية كاحدى اصناف الشبكات العصبية الاصطناعية والتي تتم من خلال دمج مجالين مهمين 
وهما مجال الاحتساب الكمي مع  مجال الشبكة العصبية الاصطناعية . تستتخدم هت ا التدا رة متي مجتال تتنيتة تصتنيف البيانتات  ان 

قتد تتتم اعتمادهتا هنتتا ك شتارات تصتتنيف. ولهت ا المتترت تتم اعتمتتاد تتنيتة تحميتتل  (Iris flower database)بيانتات اههتار السوستتن 
كتتنيتة استتخلاا الخصتا ا متن اشتارات التصتنيف بعتد مرحمتة المعالجتة الاوليتة لمبيانتات لمترت تهي تة  (ICA) المركبتة الاستا 

الخلايتا العصتبية التتتي تكتون متعتتددة المستتويات لمتترت  متتنرومتة بالطبتتتة الخ يتة تتت لف متتن عتدد البيانتات  ان الطبتتة الوستتطية المع
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معالجة بيانات التدريب و الاختبار لتعطي ب الك مستتويات متعتددة متن الت كيتد. النتتا ج التجريبيتة تشتير بت ن الشتبكة العصتبية الكميتة 
لتت الك النتتتا ج تشتتتير بتت ن الشتتتبكة لا تتتامة الهتتا قتتدرة تمييتتته البيانتتات ام تتل متارنتتتة بالشتتبكة العصتتبية الصتتتناعية و لتتن   المتترت  ب

 ك%97.778تعتبتتر الام تتلابدقة تصتتل QNN العصتتبية الكميتتة تعطتتي نتتتا ج تمييهاتصتتنيفك استترع و اك تتر واقعيتتة اي ان دوا تتر 
 ك.%93.334بية الاصطناعيةا التي تصل دقتها متارنة بالشبكة العص

 ب.ب حتساب الكمي  تحميل البيانات  و المنطق المتصنيف الاشارات الشبكة العصبية الصناعية الاالكممات المفتاحية: 

 

1. INTRODUCTION 

Quantum neural network (QNN's) is a promising area in quantum computation and quantum 

information field. In 1993, Lov K. Grover proposed a method that can speed up a range of search 

applications over unsorted data using Quantum mechanics, Lov K. Grover, 1997. 

Several models have been proposed in the literature but most of them need clear hardware 

requirements to implement such models, one of the most exciting emerging technologies is quantum 

computation, which attempts to overcome limitations of classical computers by employing 

phenomena unique to quantum-level events, such as nonlocal entanglement and superposition. It is 

therefore not surprising that many researchers have conjectured that quantum effects in the brain are 

crucial for explaining psychological phenomena, including consciousness, Abninder, 2006. 

Jarernsri. L. Mitrpanont, and Ananta Srisuphab, presented the approach of the quantum complex-

valued backpropagation neural network or QCBPN, the challenge of their research is the expected 

results from the development of the quantum neural network using complex-valued 

backpropagation learning algorithm to solve classification problems, Jarernsri, 2003. 

Independent component analysis (ICA) is essentially a method for extracting useful information 

from data. It separates a set of signal mixtures into a corresponding set of statistically independent 

component signals or source signals. ICA belongs to a class of blind source separation (BSS) 

methods for separating data into underlying informational components, Isabelle, 2006. 

The mixtures can be sounds, electrical signals, e.g., electroencephalographic (EEG) signals or 

images (e.g., faces, and Functional Magnetic Resonance Imaging (FMRI) data). The defining 

feature of the extracted signals is that each extracted signal is statistically independent of all the 

other extracted signals, James, 2004. 

 

2. METHODLOGY FOR INTEGRATED QNN SIGNAL CLASSIFIER SYSTEM 

The overall block diagram that shows the structure of integrated QNN as signal classifier 

system is shown in Fig.1. Every single recorded input signal Iris signals database is depicted or 

formed by [1X50] discrete data matrix, and represents a vector pattern. Two different Iris data sets 

are formed for training and testing purposes.   The discrete dataset has three different classes 

species, the structure of integrated QNN signal classifier system can be shown by the following 

principal steps: 

 

2.1 Normalization 

Normalization is a process to simplify data as feature extraction. It is usually affected by 

peak-to-peak magnitudes and offset of input data because of physiology conditions surrounding, 

psychological state, artifacts; therefore, normalization mainly required to decrease the effects of 

undesirable parameters and offset. 
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2.2 Feature Extraction  

Feature extraction or dimensionality reduction is the process of extracting useful 

information from the signal, features are characteristics of a signal that are able to distinguish 

between different classes species. Feature extraction requires reducing the size of the data by 

selecting appropriate features, selected features should be minimally redundant and the expected 

results should maximally depend on these features, and preserve all information from the signal that 

is needed for classification. 

In ICA, each signal is described as a scalar variable, and a set of signals as a vector of 

variables, and the process of obtaining signal mixtures from signal sources using a set of mixing 

coefficients, Isabelle, 2006. 
 
                                                                                                                                                         (1) 

 
                                                                                                                                           (2) 

 

Above equations can be rewritten using matrix –by-vector form as: 
 

X = [
  
  

]                                                                                                                                               (3) 

 

S = [
  
  

]                                                                                                                                                               (4) 

 

                 [
      

      
]                                                                                                                                  (5) 

 

Then Eq. (1) can be written in matrix by vector form as follow: 
 

X = A S                                                                                                                                               (6) 

 

Where, (a11, a12, a21, a22), a set of mixing coefficients,          are original signals(source 

signals), and         set of “mixture” points which can be transformed back to the source signals 

         using a set of unmixing coefficients, which reverse the effects of the original geometric 

transformation from source signals to signal mixtures, Joshua, 2000. 
 
                                                                                                                                             (7) 

 

                                                                                                                                               (8) 

 

Above equations can be rewritten using matrix –by-vector form as: 
 

[
  
  

]   [
  
   ] [

  
  

]                                                                                                                            (9) 

 

   [
  
   ]                                                                                                                                     (10) 

  

Then Eq. (9) can be rewritten using matrix –by-vector form as:  
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              S = W X                                                                                                                                       (11) 

 

Where ( , ,  ,  ), a set of unmixing coefficients. 

2.3 QNN and its Learning Algorithm 

FFNNs must use the sample information as a mere reference for creating the internal 

representations, thus, it should not encode the sample information accurately into the internal 

representations. Such an exact or faithful encoding of the sample information results in the FFNN 

memorizing the “crispness” in the training data set. But an inherently fuzzy architecture should be 

capable of generalizing the sample information into various graded levels of certainty over the 

entire feature space. This may be possible if the architecture is capable of creating graded internal 

representations from the sample information. The QNN is as architecture capable of allowing the 

sample information to be encoded into certain levels grades of certainty/uncertainty only, 

Jarernsri, 2003.  

One simple way of incorporating the ability to form consistent multilevel partitions in the 

hidden layer is to create hidden unit partitions with the property of “spreading-out” over regions of 

uncertainty in the feature space and collapsing-in over regions of certainty. If all the hidden unit 

transfer functions have the ability to form “graded” partitions instead of the crisp linear partitions, 

then these partitions can be “collapsed-in” or “spread-out” as required, using a suitable algorithm. 

Such an algorithm will not require that the fuzzy measures on the feature space be known, but will 

be a general procedure for learning the imprecision and uncertainty in the data set. This motivates 

the study of hidden units with multilevel transfer functions,  Jarernsri, 2003 and Gopathy, 1996. 

Suppose the multilevel hidden unit has ns discrete states or levels. Then its transfer function 

can be written as a superposition of ns sigmoidal functions, each shifted by 
r 
. The output of this 

multilevel unit can be written as
 
(1/ns)



sn

r 1
sgm(v

T
x - 

r
) where v is the connected weight matrix 

between input and the hidden units in hidden layers, and x is the input feature vector  . The step 

widths of the multilevel transfer function, which may be called the quantum intervals, will be 

representative of discrete localized cells in the feature space consisting of feature vectors with 

approximately the same level of uncertainty as to their membership to the classes in the data set. 

These quantum intervals “jump-positions” 
r
  unlike the step widths, step heights need not be 

learned by independent parameters because several sigmoid can be shifted to the same location and 

added together to give steps of desired heights, to an approximation which reduces total number of 

parameters to be learned by almost one-third, Gopathy, 1996. 

QNN consists of ni inputs, one hidden layer of nh nodes, each one represents a multilevel 

units and no outputs. Output units can be linear or sigmoid. Let xk=[x1,k ,x2,k ,…, xn,k]
T
,  k=1,..,.m , 

be the     feature vector of the data set X. Then the input to the     hidden unit from the     feature 

vector is: 
 

          
   ∑         

  
                                                                                                                                       (12) 

    

       
   

 

  
∑     

   
        =    

 

  
∑      

 
  
   (    

     
 
))                                                                                 (13) 
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Where     
   the response of the     multilevel hidden unit from     is feature ,        

 
 

            is a sigmoid function (unipolar), hβ  a slope factor for all multilevel hidden units in hidden 

layer,θ j
r
 define the jump positions in transfer function, and ns is the number of levels or sigmoids in 

the multilevel hidden unit, Fig. 2 (a) plots the response     
  of     four level quantum neuron as a 

function of its input 


kj,
h  with equal step heights and Fig. 2 (b) demonstrates multilevel transfer 

function with unequal step heights through simple shifting ,Jarernsri, 2003. 
 

          
   ∑         

   
                                                                                                                                      (14) 

 

With      
    ,     therefore, the response of the     output unit for the     input feature 

vector can be written as: 

 

         
     ( 

 
 (    

 )                                                                                                                               (15) 

 

The major steps of QNN learning algorithm are summarized and presented as follows: 

 

A) Update the synaptic weights: 

Step 1: Select       
  

 
                   ) and randomly initialize the weights (W & V) and values 

of jump positions  
 . 

Step 2: Present     input pattern and specify the desired output. 

Step 3: Calculate actual output     
  , using the present values of     and    . 

Step 4: Find the error terms
    
    

   

 
 ) and (

    
      

 
). 

Calculate the output error. 
 

    
    
      

 
 (         

  )      
          

                                                                                                               (16) 

 

Calculate the hidden layer error term. 
 

    

 
 

sn

1r

on

1p
pj

o
kp,kj,

r
kj,

s

h
kj,

we))h(1h
n

1
(e r

                                                                                          

(17) 

 

p is over all nodes in the layer above node j. 

 

Step 5: Adjust the synaptic weights: 

 

                     
  

  
∑      

 
  
   (    

     
 )                                                                                     (18)  

   

                   
 
  

 

  
∑     

   
   (      

 )                                                                                              (19) 

 

Where, k + l , k , and , k - l index next, present, and previous respectively, and  is a learning rate. 
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Step 6: Present another input pattern and go back to step 2 

All of the training samples are presented cyclically. 

 

B) Update the quantum intervals: 

Step 1: In each training cycle, calculate the outputs      
 , and     

  for each hidden node. 

Then, take the average values for each class, ⟨     
 ⟩ , ⟨      

 ⟩, for      class during the training of 

QNN is as: 
 

    ⟨     
 ⟩   

 

|  |
 ∑     

 
                                                                                                                    (20) 

 

   ⟨      
 ⟩   

 

|  |
∑     

 
                                                                                                                     (21) 

 
|  | = The cardinality of      class  

 

Step 2: Calculate the quantum interval adjustment    
  for each level: 

 

   
     

   

  
∑ ∑           (⟨     

 ⟩       
 )(⟨      

 ⟩       
 )

  
                                                                                   

 

Where    is the learning rate. 

 

Step 3: Update jump-positions by: 

 

     
     

      
 
                                                                                                                                            (23) 

 

Step 4: Continue next cycle and go back to step 2. 

 

Nomenclature: 

  = number of output nodes. 

  = number of input nodes. 

  = number of quantum interval. 

  
  = value of     jump-position of hidden node j. 

    = the strength of connection between     hidden node and      output node. 

   = the strength of connection between     input node and     hidden node. 

    
   actual output at output node i for      input pattern. 

    = desired output at output node i. 
    
    

 
    

h
kj,

e  = error terms of output node i and hidden node j for      input pattern. 

    
   sgm (    

     
 ))  

    
   ∑         

  
    , the internal state of hidden node j for     input pattern. 

    
 = 

 

  
∑     

   
    , the output of     hidden node. 
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3. RESULTS AND DISCUSSION 

3.1 Results of using ANN Classifier  

Three layer ANN was employed as classifier, for Iris data set signal, network structure is 4-

16-3 namely input vector (  ) is equal to (4) representing number of input variables. The 4 rows 

(sepal length, sepal width, petal length, and petal width) contained a single hidden layer, number of 

hidden units was chosen by trial and error; which revealed that number of neurons at hidden layer 

(  ) is at least greater than twice of input nodes (  ) correspond to features of each species, as an 

assumption (   = 4*  ) for good performance (   = 16) traditional neuron with sigmoid activation 

function (unipolar), and output layer contains number of neuron equivalent to classes (species), 

(  = 3), structure of the ANN classifier is shown in Fig.3 with number of nodes at each layer. 

Three layers ANN was employed as classifier of Iris data signal, randomly select input 

feature vectors to achieve the uncertainty principle. Randomly selected 70% samples as training 

samples and 30% for testing samples. Learning rate (η) is chosen by trial and error for weigh 

adjusting        ) is set to (0.01) MATLAB programming test, the number of iteration (epochs) is 

set to 1500. 

The performance of ANN classifier (for both training and testing phases) is shown in Fig.4 

and for training data set; ANN gave a Mean Square Error (MSE) of (0.0054) and accuracy of 

(100.00%).  

For testing phase, ANN classifier showed a mean square error MSE of (0.1174) with 

accuracy of (93.334%). Fig.4 shows the relationship between MSE and number of iteration for 

ANN classifier. As can be seen that MSE is decreasing with increasing number of iterations, which 

revealed that the network is converged with iteration number of (1500) and MSE of (0.0054). 
 

3.2 Results of using QNN Classifier 

Three layers QNN was employed as classifier of Iris data signal, the performance of the 

QNN was tested to perform classification on Iris data signal. Randomly selected 70% of the 

samples are used for training (training input feature vectors) and 30% for testing (testing input 

feature vectors), the structure is 4-8-3 for the neural network,  input vector(  ) is equal to (4). 

The number of multi-level hidden units (which are used in the hidden layer of QNN rather 

than traditional neurons as in ANN) with the number of multi-level neurons (  ) is no more than 

twice of the input nodes (  ), in such structure of (2*  ), i.e. (  =8) multi-level hidden units with 

sigmoidal activation function (unipolar), and the output layer contains neurons equivalent to 

number of species (  = 3). The major difference between QNN and ANN is that the QNN uses 

quantum neuron (multi-level neuron (graded) with sigmoid activation function), structure of QNN 

classifier is shown in Fig.5). It contains a single hidden layer with (      units, three output units 

(no. of species) and 4 input nodes, also identifies by existence of jump-positions (thetas' values) of 

multi-level hidden units of the QNN hidden units were chosen by trial and error. 

The QNN is composed of multi-level hidden units with (     ) (chosen by trial and error) 

levels for each hidden unit, the learning rate (learning ratio) (η) for weigh adjusting        ) is set to 

(0.07) training by MATLAB test, and the learning rate for quantum interval adjusting (eta_theta η
 
) 

is set to (0.001), and slop factor for unit at hidden layer  
 
   , but for output layer slop factor  

 
 
    , the number of iteration (epochs) is set to (300). Synaptic weights        ) are adjusted by 
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minimizing quadratic error function with respect to particular weights, in training itself; jump-

positions of multi-level hidden units adjusted also. 

Results are done with (70%) of  input feature vectors for training phase and (30%) of input 

feature for testing phase, performance of QNN classifier shown in Fig.6 and summarized with 

(1)MSE of (0.1258) and accuracy of (97.143%) for training phase (2) MSE (0.3780) with accuracy 

of (97.778%) for testing phase. Fig.6 displayed the relationship between MSE and number of 

iteration for QNN classifier, in which reveals that MSE is decreasing with increasing number of 

iterations, but when the iteration number exceeded 150 the MSE decreases very slightly which 

means the network is converged with iteration number of (150) and MSE of (0.1258). As in Fig.4, 

Fig.6 shows an inverse relationship between MSE and number of iterations.  

Main difference between two figures is that QNN converges with less iteration, Fig.6 shows 

convergence occurs at (150) in QNN classifier compared with (1500) for ANN. 
 

3.3 QNN vs. ANN Classifiers 

To discuss the results of ANN and QNN classification for Iris data signals (QNN vs. ANN 

classifiers), table 1 shows a comparison between them. Two issues can be concluded from table1, 

first one is that QNN classifier gave better accuracy for testing phase compared with ANN classifier 

(97.778% compared with 93.334%) and second issue is that QNN converged with less number of 

iterations (150 epochs for QNN compared with 1500 epochs for ANN), and this indicates that the 

time required for QNN convergence is about (90%) less than that of ANN. 

The reason is that ANN is unable to correctly assign class membership to data samples 

belonging to regions of the feature space where there is overlapping among the classes. The reason 

for this is that FFNNs use sharp decision boundaries (due to crisp membership function) to partition 

the feature space. As a result, the outputs of trained ANNs cannot generally be interpreted as 

membership values. Also it can be found that QNN is more reliable than the ANN because QNN 

generates a more structured representation of the input data at the hidden layer than that of the ANN 

as QNN use multilevel hidden units, this is not surprising, given the fact that the jump-positions of 

the multi-level hidden units of the QNN are updated by minimizing some measure based on the 

class-conditional variances at the outputs of the hidden units. 

Another advantage is that QNN systems are using quantum neuron instead of traditional 

neuron which is often able to learn faster and require less number of neurons in the hidden layer 

which could lead to a smaller number of weights and reduction of the number of neurons in the 

hidden layer which could lead to smaller number of weights, or it can be said  generally that this 

means reducing the total number of parameters (input weights, output weights, jump position) to be 

learned by almost half, as an  assumption to the total number for hidden units in hidden layer  is 

with(4*  ) empirically for best accuracy  in ANN classifier, while assumption to the total number 

for multilevel hidden units in hidden layer  is with(2*  ) empirically for best accuracy  in QNN 

classifier. This means that the total number of parameters (input weights, output weights, jump 

position) to be learned is reduced by almost half which represents another advantage for QNN. 

Here  the number of multilevel hidden units  in the hidden layer was set to (8) by QNN but 

(16) by ANN, the input weights is (V(8x4)) and output weight (W(3x8)) and jump position with 

(8x3)matrix by QNN while the input weight is (V(16x4)) and output weight is (W(3x16)) for ANN. 
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4. CONCLUSSIONS 

In this paper, a data classification system based on multi-level transfer function integrated 

Quantum Neural Networks (QNN) is proposed. The classification system methodology consists of 

ion signals which here iris data. First, the classification signals should be normalized then feature 

extraction is applied using independent component analysis technique then classification task is to 

be achieved firstly using artificial neural network classifier and secondly using integrated Quantum 

Neural Networks (QNN). 

The architecture of (QNN’s) has inherently built in fuzzy, hidden units of these networks 

(QNN’s) to develop quantized representations of sample information provided by the training data 

set in various graded levels of certainty. Experimental results presented here show that (QNN’s) are 

capable of recognizing structures in data, a property that conventional (FFNN’s) with sigmoidal 

hidden units lack. In addition, (QNN) gave a kind of fast and realistic results compared with the 

(FFNN). Simulation results indicate that QNN is superior (with total accuracy of 97.778%) than 

ANN (with total accuracy of 93.334%). 
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Figure 1. Block diagram of the methodlogy for signal classification system. 
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Figure 2. Multilevel transfers function with (a): equal step heights (b): unequal step heights. 
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Figure 3. Structure of the Artificial Neural Network (ANN) classifier. 
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Figure 4. Classification of signals by ANN classifier. 
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Figure 5. Structure of Quantum Neural Network (QNN) classifier. 
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Figure 6. classification of signals by QNN classifier. 

Table 1.  Classification and performance using ANN and QNN classifiers. 
Network 

classifier 

type 

MSE for training 

set 

Accuracy 

for training 

set (%) 

No. of epochs 

for 

convergence 

MSE for 

testing  set 

Accuracy for testing 

set (%) 

ANN 

classifier 

0.0054 100.00 1500 0.1174 93.334 

QNN 

classifier 

0.1258 97.143 150 0.3780 97.778 
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ABSTRACT 

Simulation of the Linguistic Fuzzy Trust Model (LFTM) over oscillating Wireless Sensor 

Networks (WSNs) where the goodness of the servers belonging to them could change along the 

time is presented in this paper, and the comparison between the outcomes achieved with LFTM 

model over oscillating WSNs with the outcomes obtained by applying the model over static 

WSNs where the servers maintaining always the same goodness, in terms of the selection 

percentage of trustworthy servers (the accuracy of the model) and the average path length are 

also presented here. Also in this paper the comparison between the LFTM and the Bio-inspired 

Trust and Reputation Model for Wireless Sensor Networks (BTRM-WSN) in terms of the 

accuracy and the average path length suggested by each model is presented. Both models give 

quite good and accurate outcomes over oscillating WSNs. Also it must be mentioned that the 

evaluation environment used here is Trust and Reputation Model Simulator for WSN. 

Key words: oscillating WSN, linguistic fuzzy trust model, bio-inspired trust and reputation 

model for wireless sensor networks, trustworthy servers, and malicious servers. 

 علي شبكات الاستشعار الاسلكية المتأرجحة ثقةاختبار نموذج ضبابٌ ال

 فراس علٌ الجبورً

مذسس                                          

 خامعت بغذاد -كهٍت انهنذست 

 سرى فوزً اسماعيل

طانبت ماخستٍش                                       

 خامعت بغذاد -كهٍت انهنذست 

 صةالخلا

شبكت استشعاس لاسهكٍت متأسخحت حٍث كفاءة انخىادو  عهى   ثقتبانحاسبت  ننمىرج  ضبابً ان هزا انبحث ٌتناول بشنامح محاكاة 

انتابعت نها متغٍشة مع انزمن واٌضا هزا انبحث ٌتناول انمقاسنت بٍن اننتائح انمكتسبت من تطبٍق اننمىرج عهى شبكت استشعاس 

فاءة انخىادو ثابتت شبكت استشعاس لاسهكٍت ثابتت حٍث ك نتائح انتً حصم عهٍها من انتطبٍق عهىمع ان  لاسهٍكت متأسخحت

من تطبٍق اننمىرج   هزا انبحث ٌتناول أٌضا انمقاسنت بٍن اننتائح. طىل انمساسىرج ومتىسظ من ناحٍت دقت اننم ناوانمقاسنت ه

حٍث دقت وطىل انطشٌق وكلا اننمىرخٍن ٌعطً نتائح خٍذة خذا  من  نقٍاس انثقت استٍحاء حٍىيو مع نمىرج ر ثقتضبابً ان

 .ودقٍقت عهى شبكاث الاستشعاس انلاسهكٍت انمتأسخحت
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1. INTRODUCTION 

Wireless sensor networks or sensor networks are composed of a large number of sensor nodes 

deployed densely in a closed proximity to collect data to a specific function. Sensors have 

limited memory, computational capability, and limited transmission capacity. The sensors 

primarily preprogrammed to collect the data and forward to the base station through defined 

communication path. If the information is sensitive, the nodes and communication path must be 

trustworthy. The sensor network possesses the self-organizing capability if the positions of nodes 

are not predetermined. Irrespective of the topology, each node must trust the successive node in 

the path. If any node in the path is suspicious, the decision node must calculate the alternative 

path. 

This paper take the scheme that assumes some nodes of the network request some services (and 

act, therefore, as clients) and some others provide those services (thus acting as servers or 

services providers). Here suppose that  every sensor is only able to communicate with its direct 

neighbors (that is, it cannot establish a direct communication with a node more than one hop 

ahead. They are, however, susceptible to a large number of security threats, Mármol, and Pérez, 

2009a, some of which might be effectively mitigated with an accurate trust and reputation 

management, Marsh, 1994, Marti, and Garcia-Molina, 2006. Many researches about trust and 

reputation management models have been recently proposed as an innovative solution for 

guaranteeing a minimum level of security between two entities belonging to a distributed system 

that want to have a transaction or interaction. Thus, many models have been designed and 

developed in this direction. 

Many methods, technologies and mechanisms like fuzzy logic, Tajeddine, et al., 2006, bayesian 

networks, Wang, et al., 2006, or even bio-inspired algorithms, Mármol, and Pérez,  2011, have 

been proposed in order to manage and model trust and reputation in systems such as P2P 

networks, Almen´arez, et al., 2004, ad-hoc ones, Moloney, and Weber, 2005, wireless sensor 

networks, Boukerche, et al., 2007, or even multi-agent systems, Sabater, and Sierra, 2001. 

The simulation of the trust model, Linguistic Fuzzy Trust Model (LFTM) over oscillating 

Wireless Sensor Networks is presented here. This model enhances the interpretability of previous 

model, BTRM-WSN (Bio-inspired Trust and Reputation Model for Wireless Sensor Networks), 

Mármol, and Pérez, 2011, and makes it closer to the final user with relatively improvement in 

the accuracy of it. BTRM-WSN is a model based on a bio-inspired algorithm called ant colony 

system (ACS), Dorigo, and Gambardella, 1997, where ants build paths fulfilling certain 

conditions in a graph. These ants leave some pheromone traces that help next ants to find and 

follow those routes. 

The simulation of the BTRM-WSN model over oscillating WSNs is presented in paper, 

Mármol, and Pérez, 2011, while in this paper the simulation of the LFTM model over 

oscillating WSNs is presented, and the comparison between the simulations of the two models 

over oscillating Wireless Sensor Networks is also presented here. Here the simulation is focused 

in two targets. First, interesting in finding out how many times a model is able to select the right 

benevolent server to interact with. In other words, the selection percentage of trustworthy servers 

is calculated; Second, in calculating the average path length suggested by a model. The rest of 

this paper is organized as follows: An overview of the Linguistic Fuzzy Trust model is presented 

in section 2. In section 3 simulation results of experiments and comparison between simulation 

of the BTRM-WSN and LFTM models over oscillating Wireless Sensor Networks are discussed. 

In section 4 conclusions is described. 
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2. LINGUISTIC FUZZY TRUST MODEL 

This model is an enhancement for the pervious trust and reputation model, BTRM-WSN model, 

Mármol, and Pérez, 2011, which uses linguistic fuzzy sets and fuzzy logic for the enhancement. 

On one hand, it will be enjoyed the representation power of linguistically labeled fuzzy sets, as is 

the case, for instance, of the satisfaction of a client or the goodness of a server. On the other 

hand, it will be exploited the inference power of fuzzy logic, as in the imprecise dependencies 

between the originally requested service and the actually received one, or the punishment to 

apply in case of fraud. The expected outcome will be an easy-to-interpret system with 

competitive performance. 

A set of linguistic labels describing several levels of a variable or concept could be associated to 

a fuzzy set. The set is defined in a way that captures the underlying notion of such word for that 

particular concept. Typical linguistic labels include „very low‟, „low‟, „medium‟, „high‟, and 

„very high‟. The defined fuzzy sets associated to such labels for the case of client satisfaction are 

depicted in Fig. 1. 

Fuzzy rules can be expressed in several forms. A rule is composed of an antecedent part, where 

the activation condition is expressed, and a consequent part, where an action or a conclusion is 

presented. The antecedent is usually a logic expression. In fuzzy rules, a basic logic expression is 

the membership of a variable value to a set. These basic expressions are then connected with 

logic connectives, being the most common, the AND operator. Likewise, the most common 

consequent is the membership of an output variable to a fuzzy concept. These are known in 

fuzzy terminology as Mamdani-type rules. In fuzzy logic, the truth value of logical expressions 

is not binary but ranges from zero to one allowing for partial truth. The fuzzy logic operators, 

AND, OR, and NOT are adapted to allow for such partial truth. Fuzzy operators also produce a 

partial truth value to the whole logic expression. A typical if–then linguistic fuzzy rule would 

look like:( If quality is Good AND price is Low THEN satisfaction is Very High) 

The perception of quality being good or price being low may vary from total confidence to no 

confidence at all. But, unlike traditional logic, it may also be any value in between. In other 

words, a price being low can be partially true. This partial truth for each condition is combined 

through the fuzzy AND operator and the whole logic sentence of the antecedent is so evaluated. 

As can be guessed, the truth value of the consequent part is precisely that one achieved by the 

whole antecedent logic expression. For example, the truth value of the expression „quality is 

Good AND price is Low‟ is 0.3, then the system concludes that the expression „satisfaction is 

Very High‟ has a truth value of 0.3. When in a given situation, several fuzzy rules are activated; 

a collection of conclusions is produced. These separate conclusions are aggregated into a final 

result and, defuzzified back into a numerical value. Details of how fuzzification, fuzzy inference, 

aggregation, and defuzzification work can be found in, Pedrycz, and Gomide, 1998, Jang, et 

al., 1997. The defuzzification method chosen to be used in this paper is Center of Gravity. 

The flow of the Linguistic Fuzzy Trust Model is depicted in Fig. 2, emphasizing those steps 

where it actually applied linguistic fuzzy sets and fuzzy logic. Such steps are:  

1) The trust and reputation model BTRM-WSN selects the server to have a transaction with. 

2) Such server has a perceived certain goodness (“Very high”, “High”, “Medium”, etc.). 

3) According to the required service attributes and the server goodness, the server provides a 

better, worse or equal service than the expected. 
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4) Both the required service and the actually received one are compared, using certain subjective 

weights for the services attributes. 

5) The client satisfaction is assessed by means of the services comparison performed in previous 

step, and the client conformity. 

6) Finally, the punishment level is determined by the client satisfaction with the received service, 

together with his/her goodness. 

More detailed about the use of linguistic fuzzy sets in the Linguistic Fuzzy Trust Model is 

described in, Mármol, et al., 2011. 

 

3. EXPERIMENTS AND RESULTS 
The tested scenario consisted of Wireless Sensor Networks where the goodness of the servers 

belonging to them could change along the time. How a sensor decides to be benevolent or 

malicious at each time is out of scope of this paper.  

The following proposal takes in this paper: after every 20 transactions are carried out (i.e., after 

every client has had 20 transactions) all the benevolent servers composing the Wireless Sensor 

Network become malicious. Fig. 3 shows this proposal. 

In Fig. 3 when the peer behavior is 1, the server is benevolent server but when the peer behavior 

is 0, then the server is malicious server. In order to preserve the same percentage of malicious 

servers, the number of previous benevolent servers, say nb, is kept. Then nb random servers are 

selected (note that all of them will be malicious) and their goodnesses are swapped so they 

become benevolent and the percentage of malicious servers remains equal to the stage previous 

the oscillation. With an oscillation scheme like this a benevolent server could maintain its 

positive goodness since it could be randomly selected to become benevolent when it indeed 

previously was benevolent. 

The evaluation environment used is Trust and Reputation Model Simulator for WSN, Mármol, 

and Pérez, 2009b, which is a generic framework serving as an assistant tool  to easily implement 

trust and reputation mechanisms in distributed environments and to compare between them.  

Here the experiments focused on two main targets. First, interesting in finding out how many 

times the model is able to select the right benevolent server to interact with. In other words, the 

selection percentage of trustworthy servers or the accuracy of the model is calculated. In order to 

consider a trust and reputation model as acceptable (with a minimum quality level), it is assumed 

that the model is not useful at all if the selection percentage of the trustworthy servers is less than 

50%, since a smaller percentage would result in a model with certain security deficiencies. 

Secondly, it is aimed to find the closest benevolent servers to the client requesting the service. 

On the one hand it is more secure and robust if the lesser number of intermediaries present in a 

transaction. On the other hand, due to the specific restrictions related to Wireless Sensor 

Networks, the resources consumption saving is a critical issue. Therefore, a shorter path leading 

to the final trustworthy server implies less involved sensors and, consequently, less global 

utilization of resources such as energy or bandwidth. 

The experiments that carried out here had the following structure. The model is launched 100 

times (i.e. each client applied for a service 100 times) over 100 WSNs randomly generated, each 

one composed of 100 sensors. On each network, the percentage of sensors acting as clients was 

always a 15%, 5% acts as relay servers (those that not providing the service requested by the 

clients) and the 80% left were, therefore, sensors acting as trustworthy or malicious servers. With 

tried the model over 100 random WSNs having a 10% (over the 80% left) of malicious servers. 
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100 with 20%, other 100 with 30%, and so on until a 90% of malicious servers (the worst 

simulated situation). But even more, those experiments are repeated over WSNs composed of 

200, 300, 400 and 500 sensors. This parameters and others used to perform the experiments are 

listed in Table 1.  

 

3.1 Experiments and Results of Linguistic Fuzzy Trust Model over Oscillating Wireless 

Sensor Networks 

3.1.1 Selection percentage of trustworthy servers 

Fig. 4 shows the results achieved with LFTM model over static and oscillating WSNs. It is 

observed from Fig. 4(a) which is outcomes achieved with LFTM model over static networks that 

the selection percentage of trustworthy servers is quite high (above the 90%) when the 

percentage of malicious servers is greater than or equal to 60% regardless the size of the 

networks. And the maximum accuracy reached when the percentage of malicious servers is 90% 

and the size of the network is 300 nodes which it is (99.62%), and even in the worst case when 

the percentage of malicious servers is 90% and the size of the networks is 500 nodes, the 

accuracy is (97.96%) which it is still a high value. In general the selection percentage of 

trustworthy servers increases as the percentage of malicious servers increases regardless the size 

of the networks; the reason for the increase in the accuracy of the model as the number of 

malicious servers increases is that the ants spread a given total amount of pheromone and that 

when the number of good servers is small, the paths to these are more strongly selected. In a 

way, the fewer the number of good servers is, the easier is for them to shine or excel. 

While it is observed from Fig. 4(b) which is the corresponding result for LFTM over oscillating 

WSNs that the selection percentage of trustworthy servers is (less than 50) when the percentage 

of malicious servers is 10% regardless the size of the network, which makes the model  not 

useful at all, because here assume that  if the selection percentage of trustworthy servers is under 

the 50%, then the model is completely useless, and the accuracy began to increase by increasing 

the percentage of the malicious servers. The selection percentage of trustworthy servers is quite 

high (above the 90%) when the percentage of malicious servers is greater than or equals to 70% 

regardless the size of the networks. The maximum accuracy reached here, when the percentage 

of malicious servers is 90% and the size of the network is 300 nodes which it is (99.13%), and 

even in the worst case when the percentage of malicious servers is 90% and the size of the 

networks is 500 nodes, the accuracy is (97.03%) which it is still high value. The selection 

percentage of trustworthy servers increases as the percentage of malicious servers increases     

regardless the size of the network, the reason again for the increase in the accuracy by increasing 

the number of malicious servers is that the ants spread a given total amount of pheromone and 

that when the number of good servers is small, the paths to these are more strongly selected. And 

in general the accuracy of the model over oscillating WSNs are slightly less than the accuracy of 

the model over static WSNs and this differences in the accuracy achieved with the model over 

static WSNs and over oscillating WSNs decreases as the percentage of malicious servers 

increases.   

It is observed from the two figures Fig. 4(a) and Fig. 4(b) that for a certain percentage of 

malicious servers the results about the selection percentage of trustworthy servers is close to 

each other when the size of the network is less than or equal to 400 nodes while when the size of 
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the network is 500 nodes the outcomes about the selection percentage of trustworthy servers is 

different from each other. 
 

3.1.2 Average path length leading to trustworthy servers 

The results achieved with LFTM model over static and oscillating Wireless Sensor Networks are 

shown in Fig. 5. It is observed from Fig. 5(a) which is the results achieved with LFTM model 

over static WSNs that the average path length decreases as the percentage of fraudulent servers 

increases regardless the size of the network, and it is also observed that when the percentage of 

malicious servers is greater than or equal to 80% the average path length is approximately equal 

to (2.2) which it is small value.  

While it is observed from the simulation of the model over oscillating WSNs, Fig. 5(b) that the 

average path length decreases as the percentage of malicious servers increases regardless the size 

of the network, it is also observed that when the percentage of malicious servers is greater than 

or equal to 80% the average path length is never exceed (2.5) which it is still small value. But for 

a certain percentage of malicious servers and a certain size of network the average path length 

suggested by LFTM model over oscillating WSNs is longer than the average path length 

suggested by the model over static WSNs, such as for example when the percentage of malicious 

servers is 10% and the size of network is 300 nodes then the average path length suggested by 

the model over static WSNs is (5.01) while the average path length suggested by the model over 

dynamic WSNs is (10.68) and this differences between the average path length suggested by the 

model over static WSNs and the average path length suggested by the model over oscillating 

WSNs decreases as the percentage of malicious servers increases. 

Finally, the appreciation that can be given from the results of the average path length together 

with the selection percentage of trustworthy servers constitute the proof that LFTM obtains quite 

good, accurate outcomes with slight differences in outcomes over oscillating Wireless Sensor 

Networks as compared with static scenario, since with an oscillation scheme the same percentage 

of malicious servers remains equal to the stage previous the oscillation. And also the outcomes in 

general slightly differ from one set of random WSNs to another when the percentage of 

malicious servers fixed and vary the size of the Wireless Sensor Networks, which constitutes a 

demonstration of the scalability of the model. 

 

3.2 Comparison between Simulation of Bio-inspired Trust and Reputation Model and 

Linguistic Fuzzy Trust Model over Oscillating WSNs 

In this section, the comparison between the two models, BTRM-WSN and LFTM according to 

the selection percentage of trustworthy servers and the average path length suggested by each 

model is described. 

3.2.1 Selection percentage of trustworthy servers 

Fig. 6 shows the selection percentage of trustworthy servers achieved with BTRM-WSN over 

oscillating WSNs composed of 100 to 500 sensors with a percentage of malicious servers from 

10% to 90%. 

It can be checked that the selection percentage of trustworthy servers is greater than 90% if the 

percentage of malicious servers is approximately less than or equal to 40%, regardless the size of 

the Wireless Sensor Network. Moreover, reasonably good outcomes (those with a selection 

percentage above the 60%) are obtained when the proportion of fraudulent servers is less than or 
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equal to 80%. But the selection percentage of trustworthy servers decreases as the percentage of 

malicious servers increases, so when the percentage of malicious servers is equal to 90% the 

outcomes began to be (less than 50%) which makes the system not useful at all because here it is 

assumed that if the selection percentage of trustworthy servers is under the 50%, then the model 

is completely useless. 

While the corresponding results obtains for the LFTM model over oscillating WSNs are shown 

in Fig. 4(b), here the selection percentage of trustworthy servers is (less than 50) when the 

percentage of malicious servers is 10% which makes the model  not useful at all. The accuracy 

began to increase by increasing the percentage of the malicious servers. The selection percentage 

of trustworthy servers is quite high (above the 90%) when the percentage of malicious servers is 

greater than or equals to 70% regardless the size of the networks. 

The comparison between the two figures Fig. 6 and Fig. 4(b) gives the conclusion that in the 

case of the BTRM-WSN model, the selection percentage of trustworthy servers decreases as the 

percentage of malicious servers increases while in the case of LFTM model, the selection 

percentage of trustworthy servers increases as the percentage of untrustworthy servers increases. 

This means that BTRM-WSN model gives higher accuracy in Wireless Sensor Networks with 

small number of malicious servers while LFTM model gives higher accuracy in Wireless Sensor 

Networks with large number of malicious servers. 

Also it can be observes from the comparison, that the selection percentage of the trustworthy 

servers of the two models is slightly different from one set of random WSNs to another when the 

percentage of malicious servers fixed and vary the size of the Wireless Sensor Network, which 

constitutes a demonstration of the scalability of the two models.  

3.2.2 Average path length leading to trustworthy servers 

In this work, the measuring of the length (number of hops) of those paths found by BTRM-WSN 

and LFTM models leading to trustworthy servers is presented. 

Fig. 7 shows the outcomes achieved with BTRM-WSN model over oscillating WSNs, here when 

the percentage of malicious servers is less than or equal to 40%, the results about the average 

path length is small and the differences between results when varying the size of tested networks 

are also small but when the percentage of untrustworthy servers is greater than 40% then the 

results about the average path length began to increase and the differences between results when 

varying the size of the networks also began to  increase. It is also observes that whatever the size 

of the network and the number of malicious servers can reach high values the average path 

length never exceeds (8.5) hops in any case, which is still a good outcome for Wireless Sensor 

Networks, and in general when the percentage of malicious servers composing the network is 

greater, then the average path length also increases regardless the size of the networks. 

The outcomes in Fig. 5(b) shows the results that achieved with LFTM model over oscillating 

WSNs, here the differences in the average path length suggested by the model when varying the 

size of the tested networks decreases as the percentage of malicious servers increases, so when 

the percentage of malicious servers is 10% the differences is very high but when the percentage 

is 90% the differences is very small and it is approximately equal. And also here in general, the 

average path length decreases as the percentage of malicious servers increases regardless the size 

of the network. 

In the comparison between the two figures Fig. 7 and Fig. 5(b), it can be observed that in the 

case of the BTRM-WSN model, the average path length leading to trustworthy servers increases 
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as the percentage of malicious servers increases while in the case of LFTM model, the average 

path length leading to trustworthy servers decreases as the percentage of untrustworthy servers 

increases. This means that BTRM-WSN model gives shorter path length in Wireless Sensor 

Networks with small number of malicious servers while LFTM model gives shorter path length 

in Wireless Sensor Networks with large number of malicious servers. 

Also it can be observed from the comparison, that the average path length leading to trustworthy 

servers suggested by the two models is slightly different from one set of random WSNs to 

another with varying in the size of the Wireless Sensor Networks when the percentage of 

malicious servers is less than 50% in the case of BTRM-WSN model and when the percentage of 

malicious servers is greater than or equal to 50% in the case of LFTM model, which gives an 

evidence about the scalability of the two models.  

 

4. CONCLUSION 

Trust and reputation management over distributed systems has been proposed in the last few 

years as a novel and accurate way of dealing with some security deficiencies which are inherent 

to those environments. Tackling those risks not fully covered by traditional network security 

scheme.  

In this paper the effect of one of these risks was shown, this risk is the oscillating behavior of the 

server nodes where the goodness of the servers could change along the time. The results is about 

the selection percentage of trustworthy servers and the average path length achieved with 

Linguistic Fuzzy Trust Model over oscillating WSNs. The experiment of the LFTM model over 

oscillating WSNs gives the proof that LFTM obtains quite good and accurate outcomes over 

oscillating Wireless Sensor Networks, with a low influence from the size of the networks and the 

percentage of malicious servers, which makes LFTM therefore presents a technique to identify 

trustworthy servers that is suitable for oscillating Wireless Sensor Networks.  

Also, a comparison between BTRM-WSN and LFTM models over oscillating WSNs is 

presented. The results achieved by both models are slightly differ from one set of random WSNs 

to another when the percentage of malicious servers fixed and vary the size of the Wireless 

Sensor Network, which gives a confirmation about the scalability of the two models. 
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Table 1. Experiment parameters.  

Network 

 

NumExecutions 

NumNetworks 

MinNumSensors 

 

MaxNumSensors 

 

100 

100 

{100,200,300, 

400,500} 

{100,200,300, 

400,500} 

 

%Clients         

 %Relay           

%Malicious 

 

 

Radio range       

 

15% 

5% 

{10%,20%,30%,40%, 

50%,60%,70%,80%, 

90%} 

{8,6,5,4,3} 

 

BTRM 

  

phi 

rho 

Transition threshold 

alpha 

beta 

Punishment threshold 

 

0.01 

0.87 

0.66 

1.0 

1.0 

0.48 

 

Num ants 

Num iteration 

Path length factor 

q0 

Initial pheromone 

 

0.35 

0.59 

0.71 

0.45 

0.85 

LFTM 

 

Server goodness 

 

 

 

 

„High‟ or „ 

very high‟ 

 

„Low‟ or 

„very low‟ 
 

 

0.25 
 

 

0.25                                          

 

 

Client 
 

 

 

 

Random 

 

 

Random 

 
 

0.25 
 

 

0.25 
 

 

Benevolent 
 

Conformity 

 

Malicious 

 

Goodness   

 

Cost weight 

 

Price weight 

 

 

Deliver weight 
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Figure 1. Linguistic labels and its defining fuzzy sets. 

 
 

 

 
 

Figure 2. Linguistic fuzzy trust model steps. 
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                Figure 3. Oscillating behavior. 
 
 

 
 

        Figure 4(a). Selection percentage of trustworthy servers from linguistic fuzzy trust 

model over static WSNs. 
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              Figure 4(b). Selection percentage of trustworthy servers from linguistic fuzzy trust  

model over oscillating WSNs. 
 

 
 

   Figure 5(a). Average path length leading to trustworthy servers from linguistic 

fuzzy trust model over static WSNs. 
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Figure 5(b). Average path length leading to trustworthy servers from linguistic fuzzy 

trust model over oscillating WSNs. 

 

 
 

Figure 6. Selection percentage of trustworthy servers form bio-inspired trust and 

reputation model over oscillating WSNs. 
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Figure 7. Average path length leading to trustworthy servers form bio-inspired trust 

and reputation model over oscillating WSNs. 
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ABSTRACT 

Wireless Multimedia Sensor Networks (WMSNs) are networks of wirelessly interconnected 

sensor nodes equipped with multimedia devices, such as cameras and microphones. Thus a 

WMSN will have the capability to transmit multimedia data, such as video and audio streams, 

still images, and scalar data from the environment. Most applications of WMSNs require the 

delivery of multimedia information with a certain level of Quality of Service (QoS). This is a 

challenging task because multimedia applications typically produce huge volumes of data 

requiring high transmission rates and extensive processing; the high data transmission rate of 

WMSNs usually leads to congestion, which in turn reduces the Quality of Service (QoS) of 

multimedia applications. To address this challenge, This paper proposes the Neural Control 

Exponential Weight of Priority Based Rate Control  (NEWPBRC) algorithm for adjusting the 

node transmission rate and facilitate the problem of congestion occur  in WMSNs. The proposed 

algorithm combines Neural Network Controller (NC) with the Exponential Weight of Priority 

Based Rate Control (EWPBRC) algorithms. The NC controller can calculate the appropriate 

weight parameter λ in the Exponential Weight (EW) algorithm for estimating the output 

transmission rate of the sink node, and then ,on the basis of the priority of each child node , an 

appropriate transmission rate is assigned . The proposed  algorithm can support  four different 

traffic classes namely, Real Time traffic class (RT class); High priority, Non Real-Time traffic 

class (NRT1 class); Medium priority, Non Real-Time traffic class (NRT2 class); and Low 

priority, Non Real-Time traffic class (NRT3 class). Simulation result shows that the proposed 

algorithm can effectively reduce congestion and enhance the transmission rate. Furthermore, the 

proposed algorithm can enhance Quality of Service (QoS) by achieve better throughput, and 

reduced the transmission delay and loss probability. 

 Keywords:-wireless multimedia sensor network; congestion control; QoS; neural network. 
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 راثالاسلكيت الا ستشعار  شبكاث ت فيشبكت العصبيالأولويت هعذل اًتقال هبٌي على السيطرة هع وحذة تحكن 

 وتعذدةالوسائط ال

 د.ًاديت عذًاى شلتاغ
 يدزض

 هُدسخ انحبسجبد

 جبيعخ ثغداد \كهيخ انهُدسخ

 علي حسيي وهيب
 

 هُدسخ حبسجبد

 جبيعخ ثغداد \كهيخ انهُدسخ

 

 الخلاصت

 جهصح ثًجًوعخ يٍ عقد الاسزشعبز انًزصددح ثز هي شجكبد يزساثطخ لاسهكيب  انوسبئط انًزعددحذاد   انلاسهكيخ شجكبد الاسزشعبز

نديهب انقدزح عهى َقم انجيبَبد دانوسبئط انًزعددح،  هرح انشجكبد دثبنزبني فإٌ .، يثم انكبييساد د انًيكسدفوَبدانوسبئط انًزعددح

انوسزبئط ذاد   انلاسزهكيخ شجكبد الاسزشعبزيعظى رطجيقبد  .يثم انفيديو دانصود ، انصوز انثبثزخ ، دانجيبَبد انعدديخ يٍ انجيئخ

هزرِ هزي يهًزخ ةزعجخ طٌ رطجيقزبد . زطهت إيصبل انًعهويبد انوسبئط انًزعددح يع يسززو  يعزيٍ يزٍ جزودح ان ديزخ ر انًزعددح

داسزعخ انُطزب، ، يعزدل َقزم  يعبنجزخ انوسبئط انًزعددح عبدح يب رُزج كًيبد ض ًخ يٍ انجيبَبد انزي رزطهت يعدلاد َقم عبنيخ د

عبدح يب يزدد  إنزى الاشدحزبو ، دانزر  ثزددزِ يقهزم يزٍ  انوسبئط انًزعددحذاد   خانلاسهكي شجكبد الاسزشعبزفي  انسسيع  انجيبَبد

رهزد   (NEWPBRC)خوازشييزخ  حاقززسرزى انًواجهزخ هزرا انزحزد ، د. رطجيقبد انوسبئط انًزعزددح في ( QoS) جودح ان ديخ

 . نوسززبئط انًزعززددحذاد ايخ يحززدس فززي شززجكبد الاسزشززعبز انلاسززهك انززر  يشززكهخ الاشدحززبو قهيززمانعقززدح در ازسززبلنضززجط يعززدل 

انشزجكخ  . دحزدح رحكزى(EWPBRC)يزع خوازشييزبد  (NC) جًزع ثزيٍ دحزدح رحكزى انشزجكخ انعصزجيخران وازشييزخ انًقزسحزخ 

 يعزدل نز ًزيٍ  (EW) انوشٌ الاسي في خوازشييخ( انًسز دو λ)انوشٌ  خ نًعبيمانًُبسجانقيًخ  حسبة هبيًكُ (NCانعصجيخ )

. يُبسزت نهزب  ازسزبل، ديزٍ مزى، عهزى سسزبض سدنويزخ كزم عقزدح ربثعزخ، يززى رعيزيٍ يعزدل الاسبسزيخعقزدح نايزٍ  ان زبز   الازسبل  

ةزُف يزسدز دقزذ  ؛(RTةُف يسدز دقذ حقيقزي )ي زهفخ دهي ، اةُب  يسدز ان وازشييخ انًقزسحخ يًكٍ سٌ ردعى سزثع 

, ةزُف يزسدز دقزذ غيزس  (NRT2سزطخ )يزوسدنويزخ  (, ةُف يسدز دقذ غيزس حقيقزي ,NRT1) سدنويخ عبنيخ غيس حقيقي ,

سٌ ان وازشييززخ انًقزسحززخ يًكززٍ سٌ رقهززم ثشززكم فعززبل الاشدحززبو ( .انُزززبئج انعًهيززخ ا هززسد NRT3يُ فضززخ )سدنويززخ  حقيقززي ,

رحقيز  ( يٍ خزلال QoSرعصش جودح ان ديخ )َ. دعلادح عهى ذنك ان وازشييخ انًقزسحخ ، يًكٍ سٌ انجيُبد ازسبلدرحسٍ يعدل 

 .نزجُت احزًبنيخ فقداٌ انحصو الازسبلر خيس  رقهيمضم ، دإَزبجيخ سف

.الشبكاث العصبيت؛ جودة الخذهت؛ التحكن في الازدحام, شبكاث الاستشعار راث الوسائط الوتعذدةالكلواث الرئيسيت: 

1. INTRODUCTION 

Most of the research before in the Wireless Sensor Network (WSN) is concerned with 

scalar sensor networks that measure physical phenomena, such as pressure, temperature, 

humidity, or location of objects that can be conveyed through low-bandwidth and delay-tolerant 

data streams. Recently, the focus is shifting toward research aimed to enable delivery of 

multimedia content, such as audio and video streams, as well as scalar data. This effort resulted 

in distributed networked systems, referred as Wireless Multimedia Sensor Networks (WMSNs), 

Akyildiz, et al.,2007. WMSNs are set of sensor nodes, whereby the nodes are equipped with 

multimedia devices such as cameras, and microphones. Thus a WMSN will have the capability 

to transmit multimedia data, such as still pictures, stream video, voice, animal sounds, and 

monitoring data. One important requirement of applications in WMSNs is low delay bounds. 

Furthermore, some applications of WMSNs need relative resilience to losses. WMSNs can 

support different types of traffic classes, Akyildiz, et al.,2007. 

There are many different resource constraints in WMSNs involving energy, bandwidth, 

memory, buffer size and processing capability .Given the physically small nature of the sensors, 

and that multimedia applications typically produce huge volumes of data requiring high 
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transmission rates and extensive processing, this may cause congestion in the sensor nodes. 

Thus, developing protocols, algorithms and architectures to maximize the network lifetime while 

satisfying the quality of service (QoS) requirements of the applications represents a critical 

problem. In most WSN and WMSN applications, traffic mainly flows from a large number of 

sensor nodes to a base station (sink) node, Akyildiz, et al., 2002. 

Congestion control is an important issue in transport protocols. Congestion is also a difficult 

problem in wireless sensor networks. It not only wastes the scarce energy due to a large number 

of retransmissions and packet drops, but also hampers the event detection reliability. Congestion 

in WSNs and WMSNs has a direct impact on energy efficiency and application, QoS Ee , and 

Bajcsy, 2004. Usually, congestion occurs in the bottleneck since it receives more data than it is 

capable of sending out. In this situation, packets will be queued and sometimes get dropped. As 

a consequence, response time will increase which causes throughput to be degraded, Samiullah, 

and Karim, 2011. 

Two types of congestion could occur in sensor network, as show in Fig. 1 and  Fig.2. The first 

type is Node –Level congestion that is common in conventional network.it is caused by buffer 

overflow in the node and can result in packet loss, and increased queuing delay, Malar, 2010. 

Not only can packet loss degrade reliability and application QoS, but it can also waste the 

limited node energy and degrade link utilization. In each sensor node, when the packet-arrival 

rate exceeds the packet service rate, buffer overflow may occur. This is more likely to occur at 

sensor nodes close to the sink, as they usually carry more combined upstream traffic, 

Yaghmaee, and Adjeroh, 2008. The second type is Link-Level congestion, which occurs in 

wireless transmission and occurs when the nodes are in the same utilization channel, for 

example, Carrier Sense Multiple Access with Collision Detection (CSMA/CD). Such a situation 

occurs when multiple active nodes perform access on the same channel and collision is then the 

result, Wan, and Siphon, 2005. 

 

2. RELATED WORK  

        Various congestion control techniques have been studied for wireless multimedia sensor 

networks .the congestion control mechanisms all have the same basic objective: they all try to 

detect congestion, notify the other nodes of the congestion status, and reduce the congestion 

and/or its impact using rate adjustment algorithms. Wang, et al.,2007, proposed Priority Based 

Congestion Control Protocol (PCCP). Yaghmaee, and Adjeroh, 2009, proposed Priority Based 

Rate Control Algorithm (PBRC) used for congestion control and service differentiation in 

WMSNs. Chen, and Lai, 2012, proposed an algorithm where a Fuzzy Logical Controller (FLC) 

is used to estimate the output transmission rate of the sink node. The FLC is associated with the 

Exponential Weight (EW) algorithm for selecting the appropriate weight parameter, and then, on 

the basis of the priority of each child node, an appropriate transmission rate is assigned. Pawarl, 

and Kasliwal, 2012, proposed a QoS-based sensory Media Access Control (MAC) protocol, 

which does not only adapts to application oriented QoS, but also attempts to conserve energy 

without violating QoS-constraints. proposed MAC layer protocol  for WMSNs satisfy  feature 

like Maximize network throughput, Enhance transmission reliability, and Minimize control 

overhead, be energy-efficient, Guarantee a certain level of QoS. 
 

3. THE NETWORK MODEL  

Fig. 3 shows a simplified experimental model for WMSN .This network model consist of ten 

nodes, nine sensor nodes, one sink node and the Base Station (BS). The locations of sensor 

nodes and the base station are fixed. Each sensor node has the knowledge of its own geographic         

location and the locations of its 1­hop neighbor nodes. Each of the nodes can sense different 
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types of data at the same time and sends those to BS. For each node in the network, there is a 

single path to reach to the BS. 

In this network model node may generate different types of traffic .for example node 9 produces 

only NRT3 traffic, node 6 produces two type of traffic NRT1 and NRT2, while  node 8 produces 

four type of traffic RT, NRT1, NRT2, and NRT3.   

The queuing model of each node is shown in Fig.4. Each traffic class well be buffered in a 

separate queue, To discriminate traffic classes from each other, the wireless node adds a traffic 

class identifier to its local sensor packets; hence, when a data packet enters a transmission traffic 

classifier, the data type will be classified to enter the respective queue that it belongs to, then 

priority queue scheduler has been provisioned to schedule the diverse traffic with different 

priority from the priority queues. 

 

4. PROPOSED  NEWPBRC ALGORITHM 

Fig. 5 shows the block diagram of the proposed algorithm which is called Neural controller 

Exponential Weight Priority-Based Rate Control (NEWPBRC), for the proposed algorithm 

which combines the Neural Controller (NC) with the Exponential Weight of Priority-Based Rate 

Control (EWPBRC) algorithm. The NC controller is used to adjust the weight parameter λ in the 

EWPBRC algorithm to obtain the optimal  as shown in Fig. 5, where  

denotes as the rate of the output of the sink node. And  is the sum of input transmission 

rates for all the childe nodes for transmission data to the sink node. Furthermore, the 

transmission rate adjusts according to the priority of each child node. 

In the proposed algorithm, The NC controller follow  to estimate the output 

transmission rate  of the sink node, where is the transmission rate for the 

sink node to transmit data to the BS. In addition, the transmission rate of the node is adjusted 

according to the priority of the data type and the geographical location of the node .The structure 

of the proposed algorithm that contains NC controller is based on neural network which is 

shown in Fig. 6 .The Feed Forward neural network is constructed in three layers. One unit in the 

input layer, four units in hidden layer, and one unit in the output layers .the output signal from 

the controller is the weight parameter (λ) that is used in EWPBRC algorithm. The activation 

function of the hidden layer is sigmoid. In Fig. 6 ,W denotes the connection weights between the 

input layer and the hidden layer , and V denotes the connection weights between the hidden 

layer and the output layer .The NC controller is trained off-line using The Back Propagation 

(BP) training algorithm .The simulation of BP algorithm is done  using MATLAB program . 

During the Training process weights in NC controller are adapted to optimize the controller 

response. 

The congestion control unit in the proposed NEWPBRC algorithm is shown in Fig. 7, when 

input rate    passes through the CDU unit, calculate error, and then after the adjustment 

of the output transmission rate by the NEWPBRC controller and RMU unit, a new rate is 

generated to adjust the rate for transmitting from the sink node to the BS and the transmission 

rate   for transmitting from all the child nodes to the sink node. 

 

5 . RATE MANAGEMENT ALGORITHM   

NEWPBRC algorithm used for adjustment the transmission rate while congestion occurs. This 

algorithm can be divided into three steps: 

Step 1: Computing the new output transmission rate of sink node. 
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The error e is used as the input variable to the NC controller. E (t) is the error between 

(t) and  (t) at time instant t, which is represented by  

(t)- (t)                                                                                           (1)                                                                                

The NC controller used to adjust weight  parameter λ of the EW algorithm ,calculation of weight  

parameter λ is given by : 

net 1 = ( e * w )                                                                                                                            (2)                                                                                                                     

fnet1 = f1 .(net1 )                                                                                                                          (3)                                                                                   

net 2 = ( fnet1* v)                                                                                                                         (4)                                                                                   

λ = f2. ( net 2 )                                                                                                                               (5)                                                                                  

Where   λ is a constant, 0 ≤ λ ≤ 1. f1 sigmoid activation function and f2 is linear activation 

function, w and v are connection weights . 

Using the transmission rates of (t) and   (t) at time instant t, and from 

optimal  value of weight parameter λ, we can calculated the   (t+1) output 

transmission rate at time instant  t+1 : 

(t+1) = (t).(1–λ) + λ .                                                             (6)                                         

Step 2: Calculating the new output transmission rate for child node.   

In WMSNs, based on the functionality, different types of sensor node will be equipped, 

and a node will be deployed at a related geographical location according to the different levels 

of importance.  

 

In data transmission, on the basis of the geographical location, an appropriate priority 

and transmission rate will be given.  is the geographical location priority of node i. The 

total priorities  of node i are the traffic class priority  and geographical location 

priority , defined as  follows: 

 

                                                                                                      (7)                                                                                             

 Let C(i) is the set of child nodes of node i; the global priority is defined as the sum of 

priorities of all nodes in sub tree node i.  the global priority  is given by: 

          

                                                                                           (8) 

                                                                 

If  node i doesn’t have any child nodes, Then its global priority will be equal to its total priority 

value. 
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Note that global priority  is calculated only for active traffic sources .On the other 

hand ,if  the traffic sources is not active ,then the value of  total priority  is set to zero. This 

ensures that the algorithm will share the existing capacity only between active nodes. 

 

 is the sum of global priorities of the sink node, C(Sink) is the set of all the 

child nodes with the sink as their parent, and is the sum of the priorities of all the 

nodes, and is represented as follows: 

 

                                                                                      (9) 

 

To calculate the optimal output transmission rate  of node i,  is calculated 

on the basis of the distribution of the output transmission rate   from the sink node to 

node i according to the proportion between the global priority of child node and the 

global priority of the sink node : 

 

                                                                                                 (10)                                                                                                 

Step 3: Computing a new output transmission rate for each parent node. 

 

 is the input transmission rate of node i, which is obtained through the summation 

of the of the connected child nodes, and  is calculated as follows: 

 

                                                                                                              (11) 

 

where C(i) is the set of node i, and represents the output rate of the k
th

 child of 

parent node i. ∆  is the transmission rate difference of node i and is as follows: 

 

                                                                                                    (12) 

 

where μ is a constant close to 1. 

Node i generates a new transmission rate to be distributed to all the child node k output 

transmission rates; this is calculated as follows: 

                                                                                                (13) 

 

Fig. 8 explain the rate management process of the NEWPBRC algorithm.  

 



Journal of Engineering Volume   20   -   2014 Number 4  -   April 
 

 

 

 

72 

 

6. SIMULATION RESULTS  
The proposed algorithm is implemented using the Network simulator 2 (NS-2) 

[www.isi.edu/nsnam/ns]. The NS-2 simulation environment is a flexible tool for network engineers to 

investigate how various algorithms perform with different configurations and topologies. To evaluate the 

performance of the proposed algorithm, three important parameters are considered. These parameters are 

throughput, delay, and packet loss probability. The simulation model consists of ten wireless multimedia 

sensor nodes, nine multimedia sensor node, one sink node and BS. The transmission route of that model 

is a single-path transmission. The transmission data collected by multimedia sensor nodes are generated 

randomly, All senders transmit data traffic to a single sink node. In the simulation model, there are four 

types of traffic class, namely RT, NRT1, NRT2 and NRT3. The simulated traffic is Pareto 

[www.wikipedia.org]. Each packet size is 500 bytes, the buffer size of each child node is set up as 50 

packets, and the buffer size of the sink node is 100 packets. All multimedia sensor nodes start to send 

their data at the start of the simulation rounds and stop at the end of simulation rounds. The simulation 

rounds are 100 seconds. The performance measured after 30 simulation rounds. The channel capacity of 

each multimedia sensor node is set to the same value: 2 Mbps. The combination of traffic classes that 

each node could have in the simulation model is shown in Table (1) .where the symbol PV indicates 

Priority Value of traffic. 

Assuming that all sensor nodes have the same geographical priority equal to 1. Suppose the assigned 

priority for  RT, NRT1, NRT2, and NRT3 classes are equal to 4, 3, 2 and 1, respectively. For example , 

the sensor node 8 which has all traffic classes , the traffic class priority ,   is 10 (  4 + 3 + 2 + 1 = 

10) ,while for sensor node 9 which has only  NRT3 traffic classes, the traffic class priority ,    is 

1 .The performance of the proposed NEWPBRC algorithm is compared with FEWPBRC and EWPBRC 

algorithms. The performance is evaluated mainly according to the following metrics: 

1- Throughput : measured in terms of number of packets received. 

2- Sink Delay : is the time for the sink node to transmit data to BS. 

3- End to End Delay: the packet transmission time between sources and sink node. 

4- Packet Loss probability : it is a percent between number of packets lost in the network  and 

number of packet generated by the sensing nodes .  

Fig. 9 shows a comparison for the output transmission rate  of three algorithms, 

namely the  EWPBRC algorithm with  λ = 0.5, the FEWPBRC algorithm, and the NEWPBRC 

algorithm. From the simulation results, It can be seen that the proposed algorithm has a 

slightly better throughput than FEWPBRC algorithm and EWPBRC algorithm. Fig.10 shows a 

comparison for the delay of sink node of the  EWPBRC algorithm with λ = 0.5,the FEWPBRC 

algorithm, and the NEWPBRC algorithm .  Simulation result show that both the FEWPBRC 

and the NEWPBRC algorithm have average delay smaller than that of EWPBRC algorithm 

.The proposed algorithm has the shortest average delay time. Fig. 11 shows a comparison for 

the end to end delay of the EWPBRC algorithm with λ = 0.5,and the NEWPBRC algorithm. 

Fig. 12 shows a comparison for the loss probability of three algorithms, namely, the EWPBRC 

algorithm with λ = 0.5, the FEWPBRC algorithm, and the NEWPBRC algorithm .From the 

simulation result , it can be seen that the proposed algorithm has the lowest loss probability . 

 

7. CONCLUSIONS 

NEWPBRC algorithm is implemented in WMSN using NS2 simulator .then take average of 

performance parameters to get a more accurate result. The proposed algorithm enhancement 

the transmission rate and tries to avoid congestion, resulting to enhance the Performance of 

WMSN. The proposed algorithm provides good QoS in terms of minimizing delay and packet 

loss ratio and enhances the throughput of the network. The Average throughput achieved by 

NEWPBRC algorithm is slight better than of FEWPBRC algorithm. The Average sink delay 

http://www.isi.edu/nsnam/ns
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achieved by the proposed algorithm is low by (13%) than that achieved by FEWPBRC 

algorithm. The proposed algorithm can be (4.61%) less average loss probability than 

FEWPBRC algorithm. 
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PV Priority value 

W Weight matrix 

Thr Throughput 

Del Delay 

C(S) 
The number of the child nodes for a parent 

node  S 

e Error 

λ Weight parameter 

 Input transmission rate to sink node 

 Output transmission rate of sink node 

 Traffic class priority 

 Geographical priority 

 The traffic source priority j in sensor node i 

e (t) The error between  (t) and  

 (t) at time instant t
 

 (t+1) 
Output transmission rate at time instant  

t+1 

TP(i) The total priorities of node i 

 The global priority 

 
The sum of global priorities of the sink 

node 

 
The set of all the child nodes with the sink 

as their parent 

 
The optimal output transmission rate of 

node i 

 The input transmission rate of node i 

 
The output rate of the kth child of parent 

node i 

 The transmission rate difference of node i 

 Constant close to 1 
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Figure1. Node–level congestion Malar, 2010. 

 

Figure2.  Link – level congestion Malar,2010. 
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Figure 3. WMSN model Chen, and Lai, 2012. 

 

Figure 4. Queue model for each sensor node Chen, and Lai, 2012. 
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Figure 5. Block diagram of  NEWPBRC algorithm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Structure of NC controller . 
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Figure 7.  Structure of NEWPBRC congestion control unit. 
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Figure 8.  Rate management for NEWPBRC algorithm. 
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Table 1.  The state of traffic classes in each sensor node . 

Sensor node No. 

RT 

(PV = 4 ) 

NRT 1 

( PV = 3) 

NRT 2 

( PV= 2 ) 

NRT 3 

( PV = 1 ) 

Traffic 

Priority 

1 ON OFF OFF ON 5 

2 OFF ON OFF OFF 3 

3 ON OFF ON OFF 6 

4 OFF ON ON OFF 5 

5 ON ON OFF OFF 7 

6 OFF ON ON OFF 5 

7 OFF ON OFF ON 4 

8 ON ON ON ON 10 

9 OFF OFF OFF ON 1 

10 ON ON OFF OFF 7 

 

 

 

Figure 9.   Compared performance of different algorithms for output transmission rate 
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Figure 10.  Compared the delay of sink node for different algorithms. 

 

 

  Figure 11.  Comparison of end to end delay for different algorithms. 
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                         Figure 12.  Compared of loss probability for different algorithms. 
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ABSTRACT 

This work involves three parts ,  first part  is manufacturing different types of laminated below 

knee prosthetic socket materials with different classical laminated materials used in Baghdad 

center for prosthetic and orthotic (4perlon layers+2carbon fiber layer+4 perlon layers) , two 

suggested laminated materials(3perlon layers+2carbon fiber layer+3 perlon layers) and (3perlon 

layers+1carbon fiber layer+3 perlon layers)  ) in order to choose   perfect laminated socket . The 

second part   tests (Impact test) the laminated materials specimens used in socket manufacturing 

in order to get the impact properties for each socket materials groups using an experimental rig 

designed especially for this purpose. The interface pressure between the residual leg  and 

prosthetic socket is also measured  to cover all the surface area of the B-K prosthetic socket by 

using piezoelectric sensor in order to estimate the resulting stress according to loading 

conditions . A male with age, length, mass, and stump length of  42 years, 164 cm, 67 Kg and 13 

cm respectively with a right transtibial amputation is chosen to achieve the above mentioned  

test  procedures.   The last part suggests  a theoretical and analytical  models for each group of 

specimen to find out the absorbed energy behavior and subjected maximum stress for each 

laminated B-K prosthetic socket materials .  

  Keywords :prosthetic, transtibial, impact, composite material 

 

دراسه سلوك الصذم الواطئ السرعه للمواد المركبه المستخذمة في صناعه وقب الطرف الصناعي لبتر 

 تحت الركبه
 جياد د. جمعه سلمان

 اعرار يغاعذ

 كهٍه انهُذعح/انجايعه انًغرُصشٌح

 

 الخلاصة

ٌرضًٍ هزا انعًم ثلاثح اجضاء سئٍغٍح الاول شًم ذصٍُع وقة طشف صُاعً وفق طشٌقح انخهظ وعذد انطثقاخ انًغرخذيح    

واٌضا ذى اقرشاح   قح تشنىٌ(ثط 4قح كاستىٌ فاٌثش +ثط2ح تشنىٌ+ثقط4كلاعٍكٍا فً يشكض تغذاد نلاطشاف انصُاعٍح وهً )

 3ح كاستىٌ فاٌثش +طثق1شنىٌ+ح تثقط3قح تشنىٌ(  و)ثط 3قح كاستىٌ فاٌثش +ثط2ح تشنىٌ+ثقط3ًَىرجٍٍ اخشٌٍٍ هًا  )

ًخرهف انفحىصاخ انًٍكاٍَكٍح كفحص انشذ تالاضافح انى فحص نفحص انعٍُاخ ذصٍُع و ايا انجضء انثاًَ فكاٌح تشنىٌ(  .ثقط

ىاطئ انغشعح نهًىاد انًشكثح د وصُعد نغشض اجشاء فحص انصذو انظىيح فحص صًًانصذو يٍ خلال اعرخذاو يُ

فً ذصٍُع وقة طشف صُاعً نثرش ذحد انشكثح.كًا ذى قٍاط ضغظ انرلايظ تٍٍ وقة انطشف انصُاعً ويرثقً  حانًغرخذي

عى يٍ خلال   13ترش  كٍهىغشاو وطىل 67عى ووصٌ  164عُح وطىل 42انطشف نحانح تحثٍح ذعشضد نثرش ذحد انشكثح تعًش 

اعرخذاو يُظىيح قٍاط ضغظ انرلايظ صًًد وصُعد نهزا انغشض تهذف حغاب الاجهاداخ انرً ٌرعشض نها انطشف 

انصُاعً اثُاء ذعشضح نظشوف انعًم انًخرهفح.انجضء انثانث والاخٍش ذضًٍ اقرشاح حم َظشي وًَىرج عذدي نهحانح انثحثٍح 
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واٌجاد الاجهاد  قرشحح نرصٍُع وقة انطشف انصُاعً لاٌجاد عهىك انطاقح انًخضوَحنكم يجًىعح يٍ انعٍُاخ نكم يادج ي

 الاعظى انزي ٌرعشض نه وقة انطشف انصُاعً اثُاء انخذيح وظشوف انرحًٍم انًخرهفح .

 

1. INTRODUCTION 

There are several levels of lower limb amputation, including partial foot, ankle disarticulation, 

transtibial (below the knee), knee disarticulation, transfemoral (above the knee), and hip 

disarticulation. The lower Limb Prosthesis is an artificial external device that replaces all or part 

of the lower extremity. Prosthesis is used for granting an individual who has an amputated limb 

the opportunity to perform functional tasks, particularly ambulation (walking), which may be 

impossible to do without the limb .Ideally, a prosthesis must be comfortable to wear, easy to put 

on and to be remove, light weight, durable, and cosmetically pleasing. Furthermore, a prosthesis 

must function mechanically in a good way and requires reasonable maintenance only. The  

frequently used prosthetic largely depends on the motivation of the individual as none of the 

above characteristics matters if the patient  does not wear   the prosthesis. The basic components 

of the B-K  lower limb prostheses are the foot-ankle assembly, shank, socket, and the adapter . 

The below-knee sockets are  laminated by using composite materials (perlon,carbon fiber and 

acrylic resion) with different layers under  the vacuum condition  . 

The gait cycle consists of the stance phase which takes about 62% of total gait cycle time and 

the swing phase which comprises  about 38% of  the total gait cycle time ,Goldberg,et 

al.,2008.The ground gait cycle of a person is normally comprised of the following steps  :  (  

Initial contact (heel strike) ,loading response (fully flat foot) in the stance phase, midstance, the 

terminal stance (heel off),Toe-off (pre swing in swing phase),initial swing, mid swing, and  

terminal swing )   , Jason, 2005,Goujon,2006, Kumar, 2005,Christopher, et al., 1999  . 

The impact occurs when two or more bodies collide. Among important characteristics of the 

impact is the generation of relatively large forces at points of contact for relatively short periods 

of time. Such forces are sometimes referred to as the impulse-type forces. Three general classes 

of impact which are considered in this work including  : (1) the  impact between spheres or other 

rigid bodies, where the  body is considered to be rigid if its dimensions are large in comparison 

to  the wavelengths of the elastic stress waves in the body; (2) the impact of the  rigid body 

against a beam or plate that remains substantially elastic during the impact; and (3)the impact 

involving yielding of structures ,Hoppmann, 1961. As a result, when impacted, a metal 

structure typically deforms but does not actually fracture. In contrast, composites are relatively 

brittle. 

The brittleness of the composite is reflected in its poor ability to tolerate stress concentrations. 

The characteristically brittle composite material has poor ability to resist the impact damage 

without extensive internal matrix fracturing,Tuttle, 2004.The deformation remains elastic if the 

impact VO velocity  does not exceed VE=√(EI ∕ ρ)    where KE is the elastic-limit curvature . 

When VO > VE and the hardening is linear, different deformation patterns develop for VE < VO < 

2.087 VE and for VO > 2.087 VE , Jacob ,2008. 

Roger ,et al.1989.Concluded that at the lowest impact energy level, the composite is able to 

absorb the majority of the energy imparted to it. At increasing impact energy levels, the damage 

is seen to occur, i.e. the energy was absorbed elastically by the material is less than the energy 

imparted to the material. The energy that was absorbed elastically by the material is the 

difference of the maximum energy vs. time curve minus the energy at the end of the test.   

L.S. Chocron,et al.,1997. Developed a new failure criterion that was based on the energy that 

crosses each yarn, to build a simple analytical model of impact in textiles. This rnodel had been 
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checked with Dyneema armours and predicted accurately the residual velocity of the Fragment 

Simulating Projectiles. The model has been completed with a delamination equation taken from 

Beaumont in order to include the composite characteristics of delamination.  

Serge,2007. Showed that composite structures are sometimes subjected to impacts in partial 

penetration or the complete perforation. Tests are conducted to determine the velocity required 

to achieve complete penetration for a given projectile, and a model is required for data reduction 

purposes in order to   understand the effect of  the various parameters and to extrapolate for 

other test conditions. Here, a systematic approach for developing engineering models for 

composite structures is presented and the models obtained are used to analyze the experimental 

results. 

Mohd,2008. suggested a computational model to analyze the behavior of the composite material 

that was subjected to the impact load tensile load.  A general purposed commercial finite 

element code was employed to develop the computational model. Fiber glass that reinforced 

composite, one of the commonly used structural composites, was chosen to be used  as  the test 

material. The computational model was constructed 2-D axissymmetric finite elements.  

Alastair ,2008. described the  recent progress on the materials modeling and numerical 

simulation of the impact and crash response of fiber reinforced composite structures.  The work 

is based on the application of explicit finite element (FE) analysis codes to composite aircraft 

structures under both low velocity crash and high velocity impact conditions. The detailed 

results are presented for the crash response of the helicopter subfloor box structures using a 

strain based damage and failure criterion for fabric reinforced composites. 

Thibaut,et al. ,2010. concluded that the dynamic fracture in shock-loaded materials is governed 

by the propagation, reflection ,and interactions of the stress waves. The post-shock analyses of 

the residual damage observed in samples recovered from laser shock experiments, less 

destructive than the more conventional techniques, can provide valuable insight into the key 

aspects of wave propagation prior to fracture, such as the effects of the structural anisotropy, the 

role of lateral waves associated to edge effects, or the influence of polymorphic phase 

transformations on the response to the shock loading.  

The impact literatures and papers are concerned with   the impact  of the general composite 

materials .This mean that this  paper deals  with the impact problem in B-K prosthetic socket is 

very  limited  , therefore , this work is  devoted to enrich this field  of work and also stands  as a 

benchmark for other investigators in the future . 

 

2.EXPERIMENTAL WORK 

 2.1Material and Laminations 

The materials of the B-K prosthetic  socket chosen are  randomly laminated. This means that the 

material is Isotropic . In this work,  the material needed for socket are laminated using vacuum 

technique as it is  shown in Fig. 1 . Perlon stockinet white, Carbon fiber sheet ,Lamination resin 

80:20 polyurethane ,Hardening powder, and Polyvinyalcohol PVA bag are used in the B-K 

prosthetic socket lamination. All the lamination materials are tested using tensile and bending 

instruments by manufacturing tensile and bending specimens for each lamination according to 

ASTM D638 for tensile specimens and ASTM D790 for bending specimens. Three type of 

lamination materials are used in this work, namely (3Perlon+1 carbon fiber+3Perlon), (3Perlon+ 

2 carbon fiber+3Perlon) and (4Perlon+2 carbon fiber+4Perlon) as shown in Table1. 
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2.2 Impact Testing  

 In this work all below- knee prosthetic socket lamination are tested using low velocity impact 

instrument ,Nasser, 2011. Fig. 2 shows all parts of this instrument. All impact   specimens are 

with dimension  of (50*200)mm*mm and different thickness according to laminations layers to 

be suitable for the impact instrument requirements . All specimens are tested by a drop-weight 

low velocity impact tester with different high and different impact energy as it  is shown in 

Table 2. 
 

2.3The Interface Pressure Measurement  

The interface pressure between the residual leg  and prosthetic socket is measured by using 

piezoelectric sensor shown in Fig. 3 The pole of the sensor is connected with multi-meter devise 

to obtain the magnitude of the voltage that resulted from the response of the sensor through the 

stance phase. The multi-meter and piezoelectric are interface with the computer and recording 

data as  shown in Fig. 4 .The pressure is measured in the region between residual limb and B-K 

prosthetic socket  in four lines (Interior, Lateral ,Posterior and medial).Each line is divided into 

three parts longitudinally as  it is shown in Fig. 5. A male with age of 42 years, height of 164 

cm, mass of 67 Kg, and stump length of  13 cm  with a right transtibial amputation is chosen to 

achieve the above mentioned  testing procedures. Fig. 6  shows the amputee during    IP  test. 

The program of multi-meter giving maximum and minimum value of voltage with time .This 

reading can be calibrated to the  interface pressure against gait cycle time . 

3 Theoretical Consideration  

Process shown in Fig. 2 in order to calculate the deflection, force, impact energy , and absorbed 

energy. The simulated model can be treated as a beam fixed  to a supporting plate which  in turn 

fixed to the base during which the impact ball hits the specimens at the midpoint.  It is clear that 

deflection will  result from bending and shear deformation  but the beam is impacted by the 

impact ball with different impact energy .This means that the Castigliano’s theorem must be 

used to estimate the total  and dynamics deflection formula for all types of B-K prosthetic socket 

laminations materials. Table 3. lists the total and dynamics deflections formula for all types of 

laminations. 

The total absorbed energy can be derived according to normal and shear by using the following 

general formula with the element length  of  d x. 

Defor..energy= ]                                             (1) 

Finally the absorbed  energy also resulted  due to momentum conversation using the general 

formula. 

                                                            

                                                                                        (2)                                                                 

 

                                                                                            (3)     

 

4. NUMERICAL ANALYSIS  

The general analysis by using ANSYS has three distinct steps that:           

o Building the geometry as a model. 

o  Applying the boundary conditions load and obtaining the solution. 
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o  Reviewing the results. 

In this work (below –knee )prosthetic sockets model was drawn by using CAD system (Auto 

CAD) which was processed according  to an default pattern in three dimensions .The dimension 

was taken from the same B-K socket that done on it measurement of experimental part. The aim 

of drawing models by AUTOCAD is to use in ANSYS workbench program for modeling, 

meshing and defining boundary condition such as applied load. The models is illustrated in Fig. 

7,this figure shows the FEM meshing model and loading boundary condition in a and b 

respectively . 

 

5. RESULTS AND DISCUSSION  

5.1 Mechanical Properties  

The mechanical properties for each sample can be calculated by taking the average value of the 

mechanical properties         ( ,σ y
Eult ,σ  and G)according to the tensile and flexural test . The 

mechanical properties for all laminations are listed in Table.4.  

 

5.2 Impact Results  

The experimental impact test result can be divided into two groups. The first one  is the  force 

behavior of the specimen that includes oscillatory phenomena visible in the force–time trace 

.The   second group is the deflection behavior according to the impact energy shown in Table 2. 

Fig. 8 shows the force behavior for the first lamination(L1) which consists of three layers of 

perlon plus one layer  of carbon fiber plus three layers of perlon . It is clear that the general 

behavior is near to the sinusoidal waves . Fig. 8 shows the force behavior of the lamination 

materials according  to three levels of impact energy, which are  (8.82,18.12,and 36.12)) J for 

the impact load of (1)Kg with different impact height of (0.25,0,5 and 1)respectively .The figure 

shows that the maximum force  is recorded at the mass 1 kg with height 1m     In the same 

manner , it can be concluded that the maximum deflection recorded with  the specimen 

subjected to 1kg with 1m height as it is shown in Fig. 9. The impact results for all lamination 

specimens are listed in Table 5. 

The above table shows that the best  behavior of absorbed energy is recorded for the below knee 

prosthetic socket which consists of three outer perlon layers plus one central carbon fiber layer 

plus three inner perlon layers .The ranges of the absorbed  energy recorded for this lamination 

were between  (74.8-89.40% ) for all levels of  the impact mass and height. While the second 

lamination which consists of(3perlon layer+2carbon fiber layers+3perlon layers)has the range of 

absorbed energy of(67.9-80)%. The third  lamination which consists of(4perlon layer+2carbon 

fiber layers+4perlon layers)recorded the range of absorbed energy of(60.9-68.3)%. 

 

5.3 Interface  Pressure Results  

The interface pressures results shows that the maximum value is  recorded at socket interior 

region exactly at patella tendon  with 202.6Kpa as  it is shown in  Fig. 10 which  shows the 

general  IP behavior  against gait cycle time during which two peaks are recorded at loading 

response  , and toe off of gait cycle and small reduced will be noticeable at midstance of gait 

cycle. This behavior is  the same for all measuring regions during which  other maximum values 

IP are recorded at ( popliteal depression, lateral tibia, medial gastrocnemius , and distal 

gastrocnemius) with values of (186.6,92.71,65.87, and 54.32) respectively as shown in Table 6 . 

 

5.4 Analytical Results  
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According to the loading boundary condition for the below – knee prosthetic socket of the 

testing amputee the Von –Mises stresses are shown in Fig. 11 which  shows that the stress 

distribution is a mirror of interface pressure distribution shown in Fig. 7 and Table  6 . The 

Von- Mises stresses results shows that the maximum value is  recorded at socket 5 interior 

region exactly at patella tendon  with 0.8155 Mpa,while the values of stresses are recorded at ( 

popliteal depression, lateral tibia, medial gastrocnemius and distal gastrocnemius) with values of 

(0.7212,0.5445,0.3954, and 0.2943) Mpa respectively . 

Fig. 12 shows the stress distribution according to the  interface pressure boundary condition and 

impact with impactor of 1 Kg of mass from 1 m height at the mid distance of socket interior 

length .It is clear that the values of stresses   jump to  the  maximum value of 16.2 Mpa at impact 

contact point at center of anterior wall of prosthetic socket .Table 7 shows all cases of  the 

numerical solution for both inteterface pressure boundary condition and impact with different 

impact  mass and impact height for all type of lamination .  

 

6. CONCLUSION  

1-The Maximum absorbed energy percent is recorded with B-K prosthetic socket lamination 

which consist of (3perlon +1 carbon fiber+3perlon) layers with 89.4%. 

2- The maximum value of the interface pressure is recorded at socket interior region exactly at 

patella tendon  with 202.6Kpa 

3- The maximum value of the Von- Mises stress due to interface pressure boundary condition is  

recorded at B-K prosthetic socket  at the  interior region exactly at patella tendon  with 0.8155 

Mpa. 

4- The maximum value of the Von- Mises stress due to interface pressure and impact boundary 

condition is  recorded at B-K prosthetic socket lamination which consists of (3perlon +1 carbon 

fiber+3perlon) layers at the region of the  impact contact in the center of anterior socket wall 

with   16.2 Mpa a0.8155 Mpa. 

5- All types of B-K prosthetic socket lamination are safety  used . 

6- The suggested lamination which consists of (3perlon +1 carbon fiber+3perlon) is  the best  to 

be  used due to its  safety and  because   it reduces  the cost and weight of the prosthetic socket.  
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NOMENCLATURE  
Perlon= is a polyamide fibers Use in orthopedic technology as stockinette 

B.K = below Knee   

Vth= theoretical impactor velocity ( m/s) 

Vexp= experimental  impactor velocity (m/s)  

H= impactor height  (m) 

Abs.En.= absorbed energy (J) 

Imp.En.= impact energy (J) 

IP= interface pressure (Kpa) 

Lam1= 3perlon+1carbon fiber+3perlon 

Lam1= 3perlon+2carbon fiber+3perlon 

Lam1= 4perlon+2carbon fiber+4perlon 

Ms= impactor mass (Kg) 

Yσ = yield stress (Mpa) 

Vonσ
= Von –Mises stress(Mpa)
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Ultσ = ultimate stress (Mpa) 

E,G= modulus of elasticity and rigidity (Gpa) 

, = total and dynamics deflections (mm) 

 

 

 

 

 

 

 

 

 

Figure 1. Vacuum technique for prosthetic socket lamination. 
 

 

 

 

                    

                                                          

 

 

   

 

 

 

 

 

 

 

 

                                    Figure 2. Impact instrument a)All parts  b)Specimen region. 
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Figure 3. The piezoelectric sensor (Diameter = 15mm). 
 

 

 

 

 

 

 

 

 

 

                    

               Figure 4. Multi-meter and sensor are interface with the computer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Piezoelectric sensor measuring position.             
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 Figure 6. Transitibial amputee during IP test. 

 

 

 

a)                                                                                                                   b) 

Figure 7. FEM mesh(a) and boundary  loading condition (b) of the B-K socket  model. 
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Figure 8. Force-Time curves for first lam.L1  Figure 9. Deflection-Time curves for first lam.L1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Interface pressure against gait cycle at Patella tendon. 
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Figure 11. Von-Mises stress distribution according to the  interface pressure boundary condition  

for B-K prosthetic socket lamination L1 (313). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure12. Von-Mises stress distribution according to interface pressure boundary condition and 

impactor of 1 Kg with 1 m height at the center of the  B-K prosthetic socket lamination L1 

(313). 
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Table 1.   All B-K prosthetic lamination material. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. All impact specimens numbering with different impact energy. 

B-K  

 Lam. 

Total  

layers 

Thick. 

mm 

Lam.  lay  up 

  procedures 

Lam.1 7 2.8 
3Perlon + 1 carbon fiber+3Perlon 

Lam.2 8 2.9 

3 Perlom + 2carbon fiber+ 3 Perlon 

Lam.3 10 3.1 

4 Perlon + 2carbon fiber+ 4 Perlon 

Impact 

Mass Kg 

 

Speci. Type Speci. No. 
 

Vth. 

 

Vexp. 

Imp. 

En. (J) 

 

H (m) 

 

 

 

 

0.25 

L1 

L11 2.2 2.1 0.55 0.25 

L12 3.1 3.01 1.13 0.5 

L13 4.4 4.25 2.25 1 

L2 

L21 2.2 2.1 0.55 0.25 

L22 3.1 3.01 1.13 0.5 

L23 4.4 4.25 2.25 1 

L3 

L31 2.2 2.1 0.55 0.25 

L32 3.1 3.01 1.13 0.5 

33 4.4 4.25 2.25 1 

 

 

 

 

 

 

0.5 

L1 

L11 2.2 2.1 1.1 0.25 

L12 3.1 3.01 2.26 0.5 

L13 4.4 4.25 4.515 1 

L2 

L21 2.2 2.1 1.1 0.25 

L22 3.1 3.01 2.26 0.5 

L23 4.4 4.25 4.515 1 

L3 L31 2.2 2.1 1.1 0.25 
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Table 3.Total and dynamics deflections formula for all type of below- knee prosthetic socket 

lamination material. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L32 3.1 3.01 2.26 0.5 

33 4.4 4.25 4.515 1 

 

 

 

 

   1 

L1 

L11 2.2 2.1 2.205 0.25 

L12 3.1 3.01 4.53 0.5 

L13 4.4 4.25 9.031 1 

L2 

L21 2.2 2.1 2.205 0.25 

L22 3.1 3.01 4.53 0.5 

L23 4.4 4.25 9.031 1 

L3 

L31 2.2 2.1 2.205 0.25 

L32 3.1 3.01 4.53 0.5 

33 4.4 4.25 9.031 1 
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Table 4. Mech. properties of the tested specimens. 
 

 

 

 

 

 

 

 

Tabl1 5. Absorbed energy for all type  of socket lamination materials with different of  impact 

energy. 

Impact 

Mass Kg 
Spec. type Spec. No. 

Imp 

En. J 

Abs. 

En. J 
Percent of Abs. En.% 

 

 

 

 

0.25 

L1 

L11 0.55 0.42 76.3 

L12 1.13 0.847 74.9 

L13 2.25 1.8 80 

L2 

L21 0.55 0.38 69.1 

L22 1.13 0.768 67.9 

L23 2.25 1.63 72.4 

L3 

L31 0.55 0.335 60.9 

L32 1.13 0.737 65.2 

33 2.25 1.456 64.57 

 

 

 

 

 

 

0.5 

L1 

L11 1.1 0.898 81.6 

L12 2.26 1.919 84.9 

L13 4.515 3.652 80.9 

L2 

L21 1.1 0.823 74.8 

L22 2.26 1.647 72.9 

L23 4.515 3.115 68.99 

L3 

L31 1.1 0.725 65.9 

L32 2.26 1.46 64.6 

33 4.515 3.085 68.3 

 

 

 

 

L1 

L11 2.205 1.942 88.1 

L12 4.53 4.047 89.4 

G  GPa 
E  

GPa 
Ultσ  

MPa 

Yσ     

MPa 

Lay 

up 

No. of  

Lam. 

0.85 2.2 47 34.2 313 L 1 

0.78 2 52.4 31 323 L 2 

0.73 1.9 54.7 32 424 L3 
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1 
L13 9.031 7.468 82.7 

L2 

L21 2.205 1.552 70.4 

L22 4.53 3.474 76.7 

L23 9.031 7.225 80 

L3 

L31 2.205 1.576 71.5 

L32 4.53 2.999 66.2 

33 9.031 5.735 63.5 

 

Table  6. Maximum interface pressure recording at all measuring regions. 

Socket 

Regions 

Sensor 

Positions 

Interface 

Pressure Kpa 

 

Anterior 

A1 45.76 

A2 77.87 

A3 202.6 

Lateral 

L1 50.4 

L2 86.7 

L3 52.5 

 

Posterior 

P1 54.32 

P2 62.7 

P3 186.6 

 

Medial 

M1 42.6 

M2 65.87 

M3 33.91 

  

 

Table 7.Von-mises stress distribution according to IP and IP plus impact B.C. for all type of  

prosthetic socket  lamination. 

Impact 

Mass Kg 

Spec. 

type 

Spec. 

No. 

Imp 

En. J Vonσ
Mpa, IP

 Vonσ
, Mpa 

IP+Impact
 

 

 

 

L1 

L11 0.55 
 

0.8155 

5.53 

L12 
1.13 

6.87 
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0.25 
L13 

2.25 
8.96 

L2 

L21 
0.55 

 

0.7152 

4.95 

L22 
1.13 

5.65 

L23 
2.25 

7.76 

L3 

L31 0.55 

 

0.6189 

3.99 

L32 1.13 4,92 

33 2.25 6.13 

 

 

 

 

 

 

0.5 

L1 

L11 1.1 

 

0.8155 

7.45 

L12 2.26 9.87 

L13 4.515 11.87 

L2 

L21 1.1 

 

0.7152 

6.23 

L22 2.26 8.87 

L23 4.515 10.12 

L3 

L31 1.1 

 

0.6189 

6.14 

L32 2.26 7.98 

33 4.515 9,33 

 

 

 

 

 

1 

L1 

L11 2.205 

 

0.8155 

 

8.44 

L12 4.53 12.4 

L13 9.031 16.21 

L2 

L21 2.205 

 

0.7152 

8.14 

L22 4.53 10.77 

L23 9.031 14.54 

L3 

L31 2.205 

 

0.6189 

7.77 

L32 4.53 9.54 

33 9.031 
11.65 
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ABSTRACT 

Transient mixed convection heat transfer in a confined porous medium heated at periodic sinusoidal 

heat flux is investigated numerically in the present paper. The Poisson-type pressure equation, 

resulted from the substituting of the momentum Darcy equation in the continuity equation, was 

discretized by using finite volume technique. The energy equation was solved by a fully implicit 

control volume-based finite difference formulation for the diffusion terms with the use of the 

quadratic upstream interpolation for convective kinetics scheme to discretize the convective terms 

and the temperature values at the control volume faces. The numerical study covers a range of the 

hydrostatic pressure head        ,         ,         ,         , and    
     ), sinusoidal amplitude range of                ⁄  and time period values of 
(      ) . Numerical results show that the pressure contours lines are influenced by hydrostatic 

head variation and not affected with the sinusoidal amplitude and time period variation. It is found 

that the average Nusselt number decreases with time and pressure head increasing and decreases 

periodically with time and amplitude increasing. The time averaged Nusselt number decreases with 

imposed sinusoidal amplitude and cycle time period increasing.  

 

Keywords: porous medium, mixed convection, square cavity, sinusoidal periodic heating, finite 

volume method. 

 

وسط مسامي مع شروط حذية دورية على الجذار السفليمربع مملوء بالحمل المختلط في حيز   
 

يحيى حسيهالاستار الذكتور احسان  المذرس لمى فاضل علي  
 لسى انهُذست انًُكاَُكُت لسى انهُذست انًُكاَُكُت

 كهُت انهُذست/جايؼت بغذاد كهُت انهُذست/جايؼت بغذاد

 

 الخلاصة

َمذو انبحث انحانٍ دراست َظرَت لأَخمال انحرارة بانحًم انًخخهظ انؼابر فٍ حُس يحذد وسظ يسايٍ يحصىر و يشبغ 

بانًائغ و يسخٍ بفُض حرارٌ دورٌ رو دانت جُبُت.حى حم يؼادنت بىاسىٌ نهضغظ, انُاحجت يٍ حؼىَض يؼادنت دارسٍ نهسخى فٍ 

ًحذد. حى حم يؼادنت انطالت بإسخخذاو انحجى انًحكىو انضًٍُ انًبٍُ ػهً صُغت انفروق يؼادنت حفع انكخهت, بإسخخذاو حمُُت انحجى ان

انًحذدة يغ إسخخذاو َظاو انماَىٌ انخربُؼٍ نلأسخكًال انذاخهٍ نحركت انحًم انحرارٌ نفك ارحباط انحذود انًشخركت انحًم و لُى 

 ,يهى       ,يهى     )طً كم لُى انحًم انًخخهظ درجاث انحرارة ػهً حذود انحجى انًحكىو. اٌ انخحمك انؼذدٌ لذ غ

واط/و            انخردد انجُبٍ رو انًذي ) و (يهى       and ,يهى       ,يهى      
2
( و لُى انفخرة  

.نمذ أظهرث انُخائج انُظرَت اٌ حىزَغ انضغظ َخاثر بخغُر الارحفاع انسخاحٍ و لا َخأثر بخغُر يذي (      )ثاَُتانسيُُت 

اٌ يؼذل لُى َسهج حُخفض بسَادة انسيٍ و ارحفاع انضغظ حُخفض بشكم وجذ اٌ انًىجت انجُبُت و انفخرة انسيُُت نهًىجت. نمذ 

 نسيٍُ نمُى َسهج حُخفض بسَادة كم يٍ انًذي و انفخرة انسيُُت نهذورة. دورٌ بسَادة انسيٍ و يذي انذانت انجُبُت. اٌ انًؼذل ا
 

mailto:dr.shiblyahmed@uotechnology.edu.iq
mailto:yasirkh84@yahoo.com


Ihsan Y. Hussein 

Luma F. Ali 

 

Mixed Convection in a Square Cavity Filled with 

Porous Medium with Bottom Wall Periodic Boundary 

Condition 

 

100 

 

1. INTRODUCTION 

The involvement of both natural and forced convection, referred as mixed convection, in porous 

media has been an important topic because of its wide range of applications in engineering and 

science. Some of these applications include oil extraction, energy storage units and ground water 

hydrology. Early studies on convection in porous media were largely devoted to buoyancy-induced 

flows and forced convection. The interaction mechanisms between these two modes of convection 

was given very little attention. For mixed convection in confined porous medium, the fluid velocity 

required for forced convection is occurred from either porous enclosures with lid-driven, vented 

openings, suction / injection ports, vibrational obstructed cavities, or others. In the present work, the 

mixed convection is achieved by providing a hydrostatic pressure head through an inlet port, 

accordingly a forced convection condition is imposed inside the porous enclosure. Besides, the 

buoyancy forces of natural convection are introduced due to the temperature gradient of the bottom 

heated wall. Mainly, the problems of mixed convection in confined porous medium can be classified 

into two categories, first the type of mixed convection in confined porous medium with uniform 

boundary conditions while the second category involves mixed convection with non-uniform 

boundary conditions. 

The volume averaged equations governing unsteady, laminar, mixed convection flow in a top lid 

driven two-dimensional square enclosure filled with a Darcian fluid-saturated uniform porous media 

in the presence of internal heat generation was investigated numerically employing the finite-

volume approach by Khanafer, and Chamkha, 1999. Then, the laminar transport processesin a lid-

driven two-dimensional square cavity filled with a water-saturatedporous medium was conducted 

numerically utilizing the alternating direct implicit algorithm by Al-Amiri, 2000 and Kandaswamy, 

et. al., 2008. Also, Khanafer, and Vafai, 2002, by using the finite volume numerical approach, 

analyzed the double-diffusive mixed convection in a lid-driven square enclosure filled with a non-

Darcian fluid-saturated porous medium. The numerical investigation utilizing the finite volume 

method for two-dimensional steady state mixed convection flow in a square vented cavity filled 

with fluid-saturated porous medium with an isothermal left vertical surface and remaining three 

walls perfectly insulated was studied by Mahmud, and Pop, 2006. Later, Oztop, 2006, presented 

numerically the combined convection heat transfer and the fluid flow due to the position of heaters 

in a partially heated lid-driven square enclosure filled with homogeneous and isotropic porous 

material. The problem of mixed convection in a driven square cavity packed with homogeneous and 

isotropic porous medium was studied with the lattice Boltzmann method by Chai, et. al., 2007. 

Subsequently, the finite element numerical method carried out by Barna, et. al., 2008, examined 

and explained the two-dimensional steady mixed convection flow in a square vented cavity filled 

with fluid-saturated porous medium with all walls are isothermal at constant temperature. Besides, 

Vishnuvardhanarao, and Das, 2008 and Kumar, et. al., 2009 considered two-dimensional, mixed 

convection flow in a square enclosure filled with a Darcian fluid-saturated uniform porous medium. 

The first study of vibration and buoyancy induced transient mixed convection in an open-ended 

obstructed cavity filled with a fluid-saturated porous medium was investigated by Chung, and 

Vafai, 2010. Furthermore, Kumar, and Murthy, 2010 focused their attention on a problem of 

steady non-Darcy mixed convection inside a vertical square enclosure filled with fluid-saturated 

porous medium with multiple fluid injections at the bottom wall and multiple suctions at the top 

wall. Thus, forced convection is imposed by this combination of suction/injection flow conditions 

and free convection is induced by the hot and isothermal left vertical wall. Afterwards, 

Muthtamilselvan, 2011, examined numerically, by employing the finite volume method, the steady 
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state two-dimensional mixed convection flow and heat transfer in a two-sided lid-driven square 

cavity filled with heat generating porous medium. Kumari, and Nath, 2011 carried out numerically 

the steady state two-dimensional mixed convection in a square cavity flow of a heat generating fluid 

in a lid-driven square cavity filled with a fluid-saturated non-Darcy porous medium. Mixed 

convection is also taken place because of the buoyancy- and shear-driven flow induced by a hot 

plate moving through the horizontal mid-plane of a rectangular enclosure filled with fluid-saturated 

porous medium. This problem governing equations were thereby solved numerically using the finite 

difference method by Waheed, et. al., 2011. Furthermore, Oztop, et. al., 2012, performed a 

numerical study to analyze the flow field and temperature distributions of steady state laminar 

mixed convection heat transfer in a square left vertical wall partially cooled lid-driven cavity filled 

with fluid-saturated porous medium. 

For the second category of mixed convection with non-uniform boundary conditions, The numerical 

study to obtain combined convection field in an inclined lid-driven enclosures filled with fluid-

saturated porous media and heated from one wall with a non-uniform heater was carried out by 

Oztop, and Varol, 2009. They assumed that the lid is moving at constant speed and temperature 

while the bottom wall of the cavity has sinusoidal temperature distribution and remaining walls are 

adiabatic. Thence, the characteristics of a two-sided lid-driven mixed convection flow in a steady 

state two-dimensional square cavity filled with heat generating porous medium was numerically 

inspected by Muthtamilselvan, et. al., 2010. The top wall is maintained at a constant temperature 

and the bottom wall is sustained at uniform or non-uniform temperatures (sinusoidal type), while the 

side vertical walls were considered to be adiabatic. Detailed analysis of mixed convection of fluid 

within square porous cavity with generalized boundary conditions involving linear and uniform 

heating of adjacent walls or uniform cooling of a side wall in presence of uniform motion of top 

adiabatic wall and uniform heating of the bottom cavity wall was carried numerically by Basak, et. 

al., 2010. Then, Basak, et. al., 2011 performed a penalty finite element method to analyze the 

influence of various walls thermal boundary conditions on mixed convection lid-driven flows in a 

square cavity filled with fluid-saturated porous medium. Thereafter, the influence of uniform and 

non-uniform heating of the bottom wall on the flow and heat transfer characteristics due to lid-

driven mixed convection flow within a square cavity filled with porous medium was studied 

numerically utilizing penalty finite element analysis by Basak, et. al., 2012. Furthermore, 

Ramakrishna, et. al., 2012, explored the numerical study that deals with lid-driven mixed 

convection within square cavity filled with porous media for various thermal boundary conditions 

based on thermal aspect ratio on bottom and side walls where the top wall is adiabatic and moves 

from left to right with uniform velocity. The influence of the non-uniform thermal boundary 

conditions on mixed convection flow and heat transfer in a lid-driven cavity filled with fluid-

saturated porous medium was investigated numerically by Sivasankaran, and Pan, 2012. 

In the present study, transient mixed convection in a two-dimensional square cavity subjected to 

static pressure head and filled with a Darcian fluid-saturated porous medium is investigated 

numerically. The two vertical walls of the confined porous medium are insulated while the bottom 

wall is heated periodically and the heat is lost by convection from the top wall which is exposed to 

the environment. Detailed numerical solutions are carried out by utilizing the finite volume method 

for a range of parameters, namely the pressure head, amplitude, time period of sinusoidal imposed 

heat flux. Numerical results are obtained for pressure, and temperature fields within the enclosure 

and are displayed using pressure contours lines and isotherms respectively. Also, the average and 

time averaged Nusselt number variations are depicted in the present paper. 
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2. MATHEMATICAL FORMULATION 

The two-dimensional inclined cavity under investigation is filled with fluid-saturated porous 

medium and all the walls are impermeable except the upper wall. Glass beads with specified 

diameter is used as a porous media and distilled water is used as the incompressible fluid that 

saturates the porous medium. The schematic configuration of the problem is illustrated in Fig. 1, 

with   denoting the length of the square cavity. Furthermore, the porous medium is assumed to be in 

local thermal equilibrium with the fluid.  

The two vertical left and right sidewalls are adiabatic, and a periodic sinusoidal heating is applied on 

the bottom wall while the top wall is exposed to the environment and losses heat by natural 

convection. Water is supplied to the cavity from an external tank with a static head from an opening 

inlet at the bottom left corner and there is a water outlet open at the upper right corner. The 

thermophysical properties of the fluid and the porous material are taken to be constant except for the 

density variation in the buoyancy force, which is treated by the Boussinesq approximation.  

The Darcy equation formulation is adopted for modeling the fluid flow in the porous medium. The 

governing equations for mass, momentum, and energy in two-dimensional, Cartesian coordinates, 

laminar flow are as follows: 

Continuity equation 

 
  

  
 
  

  
                                                                                                                                           (1) 

 

Momentum equation 
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Energy equation 
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where   and   are the fluid velocities in   and   directions respectively,   is the porous medium 

permeability,    is the fluid dynamic viscosity,   is fluid pressure,    is the fluid density,   is the 

acceleration due to gravity,   is the inclination angle of the cavity,   is the fluid temperature,   is 

the time, and    is the specific heat ratio which is given as: 

 

  
(   ) 
(   ) 

                                                                                                                                          (5) 

 

where    is the specific heat at constant pressure and the subscripts    and   denoted to effective 

value and fluid phase respectively,      is effective thermal conductivity of porous medium and it is 

given by Hadley, 1986:  
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where   is the porosity of the porous medium and    and    are the thermal conductivity of the solid 

material and fluid phase of the porous medium respectively,       ⁄ is the thermal conductivity 

ratio of solid and liquid phases,   is a parameter which is expected to be approximately constant for 

a contiguous solid, and   is an another parameter that is very sensitive to porosity changes and it is 

represented for different porosity ranges as, Suresh, et. al., 2005: 

 

                                                                                                                         (7a) 

                  (        )                                                                            (7b) 

                  (       )                                                                                 (7c) 

 

The equation of state under the Boussinesq approximation is assumed to be: 

 

    [   (    )]                                                                                                                      (8) 

 

where    and    are respectively the density and the temperature in the reference state,   the 

coefficient of thermal expansion.  

In accordance with the present problem, the above governing equations are subjected to the 

following initial and boundary conditions: 
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where    is the uniform heat flux,   is the sinusoidal amplitude,   is the natural heat convection 

coefficient. 

After inserting the Boussinesq approximation in the momentum Eqs. (2) and (3), and the resulting 

equations substituted in Eq. (1), the following new pressure differential equation is obtained: 
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]                                                                                          (13) 

 

Eqs. (4) and (13) are solved numerically with the applied initial and boundary conditions to 

simulate the mixed convection in the inclined square cavity. The average Nusselt number on the 

bottom hot wall is given as: 
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where    is the boom hot wall temperature. 

The time averaged Nusselt number for specific time period   is casted as; 
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where   is the number of time period. 

 

3. NUMERICAL FORMULATION 

The governing Eqs. (4) and (13) in the present problem of mixed convection in a cavity filled with 

porous medium are solved by using the finite volume method Versteeg, and Malalasekera, 2007. A 

fully implicit scheme is applied for discretizing the time derivatives. The convective fluxes at the 

cell interface are discretized by employing the Quadratic Upwind Interpolation for Convective 

Kinematics (QUICK) scheme and a second-order central difference scheme is used for the diffusion 

terms. The resulting algebraic equations are solved by the tri-diagonal matrix algorithm (TDMA). 

For convergence criteria, the relative variations of the temperature and pressure between two 

successive iterations are demanded to be smaller than the previously specified accuracy levels of 

    . The iterative procedure is initiated by the solution of the pressure equation followed by 

calculating the velocity field and then solving the energy equation until reaching a specific 

temperature. This specified temperature is the mean value of selected location temperatures near the 

bottom heated wall. In the present study, the desired temperature is taken as      which is the 

temperature at which the working water fluid changes to the two phase condition.  

Before proceeding further, the grid independency tests are performed first. Numerical experiments 

were performed for various grid sizes viz.      ,      ,      ,      ,      , and 

      to test and estimate the grid independent solutions. These numerical experiments were 

accomplished for a hydrostatic head          and constant heat flux          ⁄ . It is 

observed that the average Nusselt number values at the bottom heated wall of the enclosure are very 

near to each other when the grid size is near      . Therefore, a grid size of       is chosen for 

further computations because it consumed less computing time. The parameters of convergence are 

fixed to      for both pressure and temperature. Furthermore, a similar test was done for the time 

step value and it is found that             is very sufficient for the present problem. 

 

 

4. RESULTS AND DISCUSSION 

Published experimental data are not available for the cavity configuration and boundary conditions 

similar to that taken in the present study. Thus, the validation of the computations against suitable 

experimental data could not be performed. However, in order to validate the predictive capability 

and accuracy of the present code, three published works have been chosen. For validation purpose 

of mixed convection flow and heat transfer, a differentially heated square cavity of natural laminar 

heat transfer is considered. The left surface is heated isothermally and right surface is cooled to a 
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lower temperature with top and the bottom walls maintained thermally insulated. Average Nusselt 

number is calculated and depicted in Table 1 for        and compared with the earlier 

investigations Saeid, and Pop, 2004, Baytas, 2000, and Walker, and Homsy, 1978. From Table 1, 

it is clearly revealed that the agreement between the present and the previous results is very good 

indeed. So, these results provide great confidence to the accuracy of the present numerical method. 

In the present investigation, Soda Lime glass beads saturated with distilled water is chosen as a 

porous media. Its permeability and porosity are taken as           and       respectively. The 

controlling parameters on the heat transfer and fluid flow for this investigation are the hydrostatic 

pressure head and sinusoidal amplitude and time period. The computations have been carried out for 

the pressure head of      and     . The sinusoidal amplitude is varied in the range from     

to         ⁄  while the time period range is   –    s. 

The pressure field is indicated in Fig. 2 for hydrostatic pressure head values of          and 

         and a fixed value of          ⁄  amplitude and        sinusoidal time period. 

It is clear from this figure that the pressure values at specific nodal point increases as the pressure 

head difference. Also, the pressure distribution is not affected by the variation of the amplitude and 

the time period as seen in Fig. 3. This figure is plotted for different amplitudes and time period of 

       and pressure head value of         . The pressure is unaffected because the 

temperature gradient is small value that is deduced from the amplitude value and taken place in the 

right hand side of Eq. (13) compared with the pressure value on the bottom boundary wall. 

The steady state response of the periodic sinusoidal boundary condition is performed when the 

absolute difference of time averaged Nusselt number between two successive periodic cycles is less 

than an estimated number of     . When this state response is reached, the temperature contours 

line for eight time steps of the last cycle is demonstrated for specific amplitude value of   
       ⁄ , cycle time period of      , and three hydrostatic pressure head values of    
      and         , in Figs. 4 and 5 respectively. It can be noticed that the first half of the 

cycle is almost devoted to the temperature increasing of the bottom wall and the nearby porous 

domain. While the second half of the cycle is adapted to the convection heat transfer to the 

downstream of the porous enclosure and the bottom temperature is approximately remaining 

constant during this half of the heating periodic cycle. In the second half of the cycle, the imposed 

heat flux becomes small and not sufficient to increase the bottom temperature but just to maintain its 

temperature almost constant. On the other hand, there is a temperature difference between the 

bottom region and the upper region of the confined porous medium which tends to a buoyancy 

effect inducing through the domain and hence natural convection currents are invoked in addition to 

the mixed convection and liquid velocity effect in transferring heat through the cavity. Also, it is 

clear that the mixed convection influence increases with the pressure head difference increase from 

      to       and results in a higher temperature values as shown in Figs. 4 and 5 respectively.  

Figs. 6 to 8 present the influence of the amplitude variation from        ⁄  to        ⁄ on the 

temperature field within the eight time steps of the last cycle when a steady state response is reached 

for the case of      pressure head and     time period. It can be easily seen that the increase of 

the amplitude tends to temperature increase especially for higher amplitude values that leads to 

vigorous increase in temperature distribution. The main reason behind this behavior is that the 

temperature difference in the porous domain increases when the imposed amplitude is increased and 

consequently the buoyancy force effect is increased. This tends to convection currents increasing 

and obtaining higher temperature values. Furthermore, the influence of time period on the 
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temperature contours line is observed in Figs. 9 and 10 for hydrostatic pressure head of      and 

imposed heat flux amplitude of       ⁄ . These figures pronounce that the time period increase 

causes a temperature increasing near the bottom wall because the time of heating operation increases 

and thus more heat flux amplitude is imposed to the porous enclosure. Additionally a further time is 

given to transfer the heat of the bottom region to the entire porous domain region when the time 

period is increased and this leads to heating most of the domain by the superposition of forced and 

natural convection mechanism caused by pressure head difference and buoyancy force effects 

respectively. 

The variation of the average Nusselt number is plotted with consumed time of sinusoidal imposed 

heating on the bottom wall of a non-inclined porous enclosure in Figs. 11 and 12 for          

and          hydrostatic pressure head difference respectively. This figure is displayed for 

various values of amplitude from        ⁄ to        ⁄ , time period of      and 

    successively. It can be easily seen that the Nusselt number decreases periodically with heating 

time increasing. By referring to Eq. (14), this decrease is mainly due to the fact that the Nusselt 

number is inversely proportional with the temperature difference between the bottom heated wall 

and the downstream liquid temperature. Therefore, as this temperature difference increases with 

time increasing, the Nusselt number is decreased and has a periodic behavior because of the 

periodicity of the imposed heat flux. Additionally, the average Nusselt number is not altered with 

the amplitude increasing at certain simulation time because the mixed convection currents 

accelerates the heating process and has vigorous effect on the heat transfer characteristics compared 

with the buoyancy force influence that is resulted from the temperature gradient related mainly to 

the imposed amplitude heat flux. 

Moreover, the variation of average Nusselt number with periodic sinusoidal heating time along the 

enclosure bottom wall at different response time period is presented in Figs. 13 and 14 for 

hydrostatic pressure head values of       and       respectively. From these two figures, it is 

indicated that the peak value of Nusselt number for each time period case decreases with time 

period increasing. The temperature difference between the heated wall and the top region of the 

enclosure increases with the time period increasing because there is sufficient time for heating 

process. This is thought to be the reason behind the reduction of the Nusselt number with increasing 

time period because of the contrary relation between the Nusselt number and the mentioned 

temperature difference. For the same reason mentioned previously for the average Nusselt number, 

the time averaged Nuselt number during the cycle of steady state response decreases with the 

increasing of both the imposed sinusoidal amplitude and the cycle time period as demonstrated in 

Figs. 15 and 16 for hydrostatic pressure head values of       and       successively. 

 

5. CONCLUSIONS 

Convective flow and heat transfer in a square porous cavity with sinusoidal periodic heat flux at the 

bottom wall is investigated numerically. The following conclusions are made from this study. 

 The pressure field and the velocity vector are increased with increasing hydrostatic pressure head.  

 The first sinusoidal heating half cycle is devoted to the bottom wall and nearby porous domain 

temperature increasing while the second half of the cycle is adapted to convection heat transfer to 

the porous domain downstream. 
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 The amplitude increase causes temperature increase especially for higher amplitude values that 

leads to vigorous increase in temperature distribution and the sinusoidal time period heating 

increase causes a temperature increasing near the bottom wall. 

 The average Nusselt number decreases periodically with sinusoidal heating time increasing for 

certain amplitude value and also decreases with amplitude increasing for specific simulation time 

when the pressure head is zero but it is not altered with amplitude increasing when the head 

pressure is greater than zero. 

 The peak value of the average Nusselt number decreases with time increasing for each time period 

case. 

 The time averaged Nusselt number decreases with the increasing of the imposed sinusoidal 

amplitude and the cycle time period. 
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Figure 1. Schematic diagram of the physical 

problem and coordinates system. 
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Figure 2. Pressure field with         ⁄ and      : (a)        , (b)        . 

 

 

                      

                       
 

Figure 3. Pressure contours line for different amplitude values with          and       : (a) 

       ⁄ , (b)        ⁄ , (c)        ⁄ , (d)        ⁄ . 
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Figure 4. Temperature distribution for different time step when reaching steady state response with 

         ⁄ ,      , and         : (a)          , (b)         , (c)           (d) 

       , (e)          , (f)         , (g)          , (h)     . 
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Figure 5. Temperature distribution for different time step when reaching steady state response with 

         ⁄ ,      , and        : (a)          , (b)         , (c)             (d) 

       , (e)          , (f)         , (g)          , (h)     . 
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Figure 6. Temperature contours line for different time step when reaching steady state response 

with          ⁄ ,      , and        : (a)         , (b)        , (c)          
(d)       , (e)         , (f)        , (g)         , (h)    . 
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Figure 7. Temperature contours line for different time step when reaching steady state response 

with          ⁄ ,      , and        : (a)         , (b)        , (c)          
(d)       , (e)         , (f)        , (g)         , (h)     . 
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Figure 8. Temperature contours line for different time step when reaching steady state response 

with          ⁄ ,      , and       : (a)         , (b)        , (c)          
(d)       , (e)         , (f)        , (g)         , (h)     . 
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Figure 9. Temperature contours line for different time step when reaching steady state response 

with          ⁄ ,      , and        : (a)         , (b)        , (c)          
(d)       , (e)         , (f)        , (g)         , (h)     . 
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Figure 10. Temperature contours line for different time step when reaching steady state response 

with         ⁄ ,       , and        : (a)         , (b)        , (c)          
(d)       , (e)         , (f)        , (g)         , (h)     .
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Figure 11. Average Nusselt number 

versus time for different amplitude, 

      𝑚𝑚 and 𝜏     𝑠. 

Figure 12. Average Nusselt number 

versus time for different amplitude, 

      𝑚𝑚 and 𝜏     𝑠. 

Figure 13. Average Nusselt number 

versus time at the last     𝑠,    
   𝑚𝑚 and 𝑎      𝑊 𝑚 ⁄ . 

Figure 14. Average Nusselt number 

versus time at the last     𝑠 for 

      𝑚𝑚 and 𝑎      𝑊 𝑚 ⁄ . 
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Figure 15. Time averaged Nusselt 

number variation with time period for 

different amplitude and       𝑚𝑚. 

 

Figure 16. Time averaged Nusselt 

number variation with time period for 

different amplitude and       𝑚𝑚. 
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ABSTRACT 

 Low-level microbial activity due to the production of organic acids is a recognized problem during 

the initial phase of food waste composting. Increasing such activity levels by adjusting the pH values 

during the initial composting phase is the primary objective to be investigated. In this study, sodium 

acetate (NaoAc) was introduced as an amendment to an in-vessel composting system. NaoAc was 

added when the pH of the compost mixture reached a low level (pH < 5), the addition increased pH 

to 5.8. This had a positive effect on the degradation of organic materials i.e. the formation of methane 

gas compared to the results without NaoAc addition.  

The results also proved that anaerobic-aerobic in-vessel composting could reduce the large amounts 

of wastes by 33% -30%. 

However the addition of NaoAc had no significant influence on temperature profile, bulk density, 

electric conductivity (EC), moisture contents, Nitrogen, phosphorus, potassium (NPK) and heavy 

metals  )Cu, Cd, Ni, Pb) during the composting process, in fact heavy metals and (NPK) were below 

the maximum permissible levels of the Japanese organic farming and the USDA and US Compost 

Council standards . 

To assess the performance of the composting process, two small-scale digesters were used with fixed 

temperature. Maximum methane content of 68±1% and 75±1% by volume of the generated biogas 

was achieved in the run without and with NaoAc respectively.  

The germination index was which proved that the stabilized compost obtained in this 

research is of the “mature  "  kind and it is satisfactory for agricultural use according to the organic 

farming recommended by the Japanese Ministry of Agriculture, Forestry and Fisheries, and USDA 

and US Compost Council standards. 

 

Keywords: compost, sodium acetate, biogas, mature compost, germination test, solid waste 

management. 

 

نظام الوغلقالاستخذام ب تالعضىي صلبتالتذبيل النفاياث   

 
 الطيب هحوذ عبذ الوجيذ 

 باحث

جاهعت بغذاد-ذستكليت الهن  

 د.جزوة عبذ الكرين ابراهين

 أستار هساعذ

جاهعت بغذاد–كليت الهنذست   

 

 

 الخلاصت

ػًهُت هضى انًىاد اٌ ظبهشة اَخفبض انفؼبنُت انًُكشوبُت بسبب حىنذ الاحًبض انؼضىَت خلال انًشحهت الاونُت  يٍ 

شة شبئؼت ويؼشوفت ونطبنًب ػبَج يُهب انخفبػلاث انلاهىائُت نهٍ ظبهانؼضىَت فٍ انفضلاث انصهبت سىاء كبَج هىائُت اولاهىائُت 
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نهزا انبحث صَبدة انفؼبنُت انبكخُشَت نهضى انُفبَبث انؼضىَت ػٍ طشَق اَدبد طشَقت  انؼضىَت . ونزنك كبٌ انهذف الاسبسٍ  ةنهًبد

ػهً اٌ َخى اضبفخهب بًدشد هبىط  ،فبػمى اسخؼًبل خلاث انصىدَىو كًبدة يؼذنت انً وسظ انخفخنضبظ حبيضُت وسظ انخفبػم . 

انسًبد ويٍ ثى دساست يب نهزِ الاضبفت يٍ حبثُش ػهً  انفؼبنُت انبكخُشَت يٍ خلال اَخبج غبص انًُثبٌ وَىػُت  5انحبيضُت نًب دوٌ 

الاَدببٍ ػهً  وقذ كبَج نهزِ انضَبدة اثشهب 5.5 انًانحبيضُت  دسخت انُبحح . ادث اضبفت خلاث انصىدَىو انً اسحفبع فٍ انؼضىٌ 

ححهم انًبدة انؼضىَت اٌ حىنذ كًُت اضبفُت يٍ غبص انًُثبٌ بكًُت يحسىست قُبسب انً حهك انكًُت انًُخدت بذوٌ اضبفت خلاث 

 انصىدَىو. 

فبَبث  يخخصشا انهىائٍ  فٍ حُض يحذود قبدس ػهً هضى كًُبث كبُشة يٍ انُ–انلاهىائٍ  نهضىكزنك اثبخج انُخبئح اٌ ا

شكم ػهً ثبخج انُخبئح اٌ اضبفت خلاث انصىدَىو نى حكٍ راث حبثُش يهحىض كًب أيٍ حدًهب الابخذائٍ.   %00-03حدًهب انً 

انكثبفت انكهُت و انخىصُهُت انكهشببئُت ويحخىي انشطىبت وحشاكُض انُخشوخٍُ لا ػهً و Temperature Profile) يخطظ انحشاسة )

،  بم اٌ حشاكُض انؼُبصش انثقُهت وال  هضىاثُبء ػًهُت ان )  (Cu, Cd, Ni, Pb ت (  وانؼُبصش انثقُهNPKوانفسفىس وانبىحبسُىو )

(NPKبقُج دوٌ انًحذادث الايشَكُت وانبشَطبَُت نًىاصفبث انُىػُت نه )ٌسًبد انؼضى . 

ًش نخش فٍ انًخخبش وبخثبُج انظشوف انًُبسبت نخسهُم ػًهُت انخخ1كزنك حى اػذاد يفبػلاث ببَىنىخُت يصغشة وبحدى 

خلاث انصىدَىو  ذوٌ اضبفتب  نهًُظ %1±75  و   %1±68لاَخبج غبص انًُثبٌ . بهغج اػهً َسبت حدًُت فٍ اَخبج غبص انًُثبٌ 

انًُخح  سًبد انؼضىٌيشُشة انً اٌ َىػُت ان  هًُظ  يغ الاضبفت ػهً انخىانٍ . واخُشا بهغج انُسبت انًئىَت نلاَببث  نو كبفش 

 وصاسة  " وهى يُبسب نلاَببث  وانضساػت وحسب حىصُبث  Matureاست ًَكٍ اٌ َصُف ححج انصُف  انُبضح "فٍ هزِ انذس

 .نهسًبد انؼضىٌ   الأيشَكُتنهضساػت انؼضىَت وكزنك حسب يؼبَُش انُىػُت  انُبببَُت   سًكُت  ان ثشواثانو غبببثانو انضساػت

 

 الكلواث الرئيسيت 

  .اخخببس الاسخُببث، اداسة انُفبَبث انصهبت سًبد ػضىٌ َبضح ،  بص انؼضىٌ ،انصىدَىو ، انغ خلاث ، سًبد ػضىٌ

 

1. INTRODUCTION 

Food waste is the largest component of municipal waste streams after the recyclables are 

separated. It is associated with high disposal costs, McDonnell, 1999. Composting is a promising 

alternative treatment method for food waste that enables the valuable organic contents of food waste 

to be reused, Kim et al., 2008. 

In recent years, composting has been presented as an environmental friendly and sustainable 

alternative to manage and recycle organic solid wastes, with the aim of obtaining a quality organic 

product, known as compost, to be used as organic amendment in agriculture. When mixed with soil, 

compost increases the organic matter content, improves the physical properties of the soil, and 

supplies essential nutrients, enhancing the soil’s ability to support plant growth, Iyengar, 2006.  

Compost can also be applied to the soil surface to conserve moisture, control weeds, reduce erosion, 

improve appearance, and keep the soil from gaining or losing heat too rapidly, Swan, et al.,  2002. 

Composting may be defined as a biological degradation of organic materials under 

controlled aerobic conditions.  The process may be used to stabilize wastewater solids prior to their 

use as a soil amendment or mulch in landscaping, horticulture, and agriculture, Lin et al., 2008. To 

handle large volumes of municipal waste, the process of decomposition has to be speeded up. The 

microorganisms in the waste are given an environment, which allows them to grow rapidly and 

work at peak efficiency in breaking down the waste.  

To do this, the microorganisms need air, water and nutrients, Iyengar, 2006.

When biodegradable organic solid waste is subjected to anaerobic decomposition, a gaseous 

mixture of Methane (CH4) and Carbon dioxide (CO2) known as biogas could be produced under 

favorable conditions. The decomposition of the waste materials is mainly done by the fermentation 

process, which is carried out by different group of microorganisms like bacteria, fungus, 

actinomycetes etc. Swan, et al., 2002. 
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Due to the presence of short-chain organic acids that are not only produced 

from raw materials, but also generated during the initial phase of batch composting pH will be 

lowered, inhibiting microbiological activity, Nakasaki et al., 1993, Beck-Friis, et al., 2001, 

Reinhardt, 2002; Beck-Friis et al., 2003 and Lin. et al., 2008. Therefore, inhibiting the adverse 

effect of organic acids, i.e., controlling pH during the initial composting phase, is the primary issue to 

be resolved.  

Anaerobic composting, while accepted elsewhere, has failed in our country due primarily to 

the odor nuisance, the time involved in producing a stable product and space requirements. While the 

aerobic process is characterized by a minimum odor nuisance and rapid decomposition when 

compared to the older anaerobic process. Still aerobic process has not yet been proven satisfactory 

and as of this date, there are no installations using this process, in operation in this country, except on 

an experimental or pilot plant basis.  

In this research, an amendment material, sodium acetate (NaoAc), is introduced to the food 

waste composting process in order to resolve the difficulties noted above. NaoAc as a buffer salt 

combined with the acetic acids produced in the initial composting process can form NaoAc/HoAc a 

buffer solution in the composting reactor. Buffer solutions are potentially pH control amendments 

because of their capability to resist change in ambient pH and maintain it at a desired level, Liang et 

al., 2006.  

However, few studies have examined the use of buffer salts for regulating the pH of the 

composting process. In addition, the effect of pH control amendments on the production of biogas 

has also been investigated. Therefore, the objective of this research is to examine the effect of NaoAc 

on the food waste composting process under controlled experimental conditions, quality of the final 

compost, as well as estimating the percentage of biogas generated due to organic solid waste 

degradation.  

 

1.1 Compost Phases 

The process starts with the oxidation of easily degradable organic matter; this first phase is 

called decomposition. The second phase, stabilization, includes not only the mineralization of slowly 

degradable molecules, but also includes more complex processes such as the humification of ligno-

cellulosic compounds. From a technical point of view, the composting process is stopped at a phase 

in which the remaining organic matter present is relatively in large quantities (more than 50% of the 

starting amount); otherwise the process would continue, until all of the organic components are 

completely mineralized. The main product is called compost, which may be defined as the stabilized 

and sanitized product of composting, compatible, and beneficial to plant growth Diaz et al., 2007. 

 

2. MATERIALS AND METHODS 

2.1 Raw Sample 

The Food Waste (FW) was collected from daily normal kitchen waste. FW was mainly food 

remaining in plates after lunch consisted of potatoes, carrots, beef, steamed rice, cooked soybean. 

Leaves were added as a bulking agent and as a source of nitrogen, while garden soil was added to 

provide more desired microorganisms, Lin et al., 2008. 

 

2.2 In-vessel Composting Reactor 

The composting system consisted of a cylindrical vessel metal tank (200 L) with an easy 

mechanism for turning the compost, as shown in Fig.1. A perforated steel screen was installed 10 cm 
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above the reactor bottom, to recover leachate formed in the bottom section and through an opening 

valve.  

A pressure gage was installed in the top of the reactor to measure the pressure of the gases 

produced while, temperature and humidity sensors with platinum probe were installed in the center 

inside the reactor. All the raw materials were minced into pieces of <5 mm in diameter using a food 

processor (Brown, China), and mixed well before the reaction began. To compare and analyze the 

effects of NaoAc on the composting processes, two experimental treatments were carried out in 

sequence. In Run B, NaoAc salt was added to the compost mixture; Run A was conducted as a 

control treatment without NaoAc addition. The detailed composition of raw materials for the 

compositing processes is summarized in Table 1. 

The digesting process started in April until June; 2012. Day 1 is defined as April 22/ 2012. 

The digester cell was filled with 66.67 kg of different simulated food waste and 0.6 kg of sodium 

acetate as a buffer. The digester cell was operated anaerobically from day 1 to 5, and then air was 

introduced through day 6 to start the aerobic process.   

For Run B, 600 g of NaoAc, was added to the compost mixture on day 4 immediately after 

sampling, when the pH had decreased to a relatively low level (pH < 5), Giannis, et al., 2012. 

Temperature, pH, and moisture content were taken at regular intervals throughout the 

composting period. In addition, germination tests, NPK, and heavy metal analyses were carried out 

for examining the quality of the composted product for each run. Two replicates were conducted for 

each analysis.  

Mixing was achieved by turning the arm of the screw by hand to ensure sufficient contact 

between bio-waste and the bacteria inside the digester, Donovan et al., 2012. Composting is 

essentially completed when mixing no longer produces heat in the pile, Giannis, et al., 2012. 

At the end of each composting trial of 20-25 days, the formed product was collected from the 

bottom layer of the bioreactor and spread outside to form a pile. Six representative samples were 

collected from different points within the pile. The final sample was formed after mixing the six 

samples together to form a homogeneous material. From the homogeneous material two samples 

were selected from which a series of parameters were evaluated, TMECC, 2002.  

 

2.3 Analytical Procedure 

The standard methods followed for testing and evaluating compost and composting feedstock 

material were determined according to Test Methods for the Examination of Composting and 

Compost, TMECC, 2002. 

    Laboratory analyses included measurements of moisture content, pH, volatile solids, water 

soluble total Kjeldahl nitrogen (TKNW), NH4
+
, NH3, phosphorous as P2O5 and PO4

-3
, potassium, 

electrical conductivity, heavy metals, and germination test. 

Samples from the compost of about 50 g were collected and dried in an oven at 105 
o
C for 24 

h; the loss of weight was taken as the moisture content. The oven-dried sample was further heated at 

550 
o
C for   2h for the determination of volatile solids. pH of the clear supernatant was measured for 

the top clear liquid of the sample with a pH meter. 

 The water-soluble extract was prepared by mixing 10 g of sample with 100 ml of deionized 

water, then shaken for 2 h, and centrifuged at 3000 rpm. The supernatant was then filtered through a 

filter paper Whatman No. 1, TMECC, 2002. Nitrogen as total N, NH3 NH4
+
, potassium and 

phosphorus as P2O5 and    PO4
-3

 were analyzed using Multi Direct Photometer for multi-parameter 

analyses. The electrical conductivity of the compost was analyzed once daily using EC meter. 
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Heavy metals of water-soluble extract samples were analyzed by Atomic Absorption Flame 

Emission Spectrophotometer (GBC scientific equipment Sens  AA). 

Germination test was performed for 48 h at 25
o
C in the dark with 20 radish seeds placed on a 

9 cm filter paper What man No. 1 soaked with 4 mL of compost extract and placed in a Petri dish, 

Bertran et al., 2004. Moreover, the germination test was repeated with deionized water as a control, 

and extract of commercial compost. The following equations were used to calculate the relative seed 

germination, relative root growth, and germination index (GI), Zucconi et al., 1981 and Tiquia et 

al., 1996. 

 

Relative Seed Germintation %=  x100                 (1) 

 

Relative Root Growth %= x 100                                      (2) 

 

Germintation Index (GI)%=  x 100           (3) 

   
Two plastic bottles one liter each were modified and used as digesters. The mouth of each 

was supplied with an airtight rubber stopper and an outlet to permit gas collection in a suitable glass 

bottle filled with 0.1 M of NaOH. Each digester was set up at several combinations of environmental 

conditions that play the main role in the efficiency of the anaerobic digestion process and biogas 

production. These conditions were temperature, starting pH and moisture content.  

The temperature of the biodigesters was maintained at a constant value in a water bath (50
o
C), 

thermostatically controlled as shown in Fig. 2. 

 Biogas formed was measured by “liquid displacement method”. The schematic diagram of the 

experimental laboratory set up is shown in Fig.3. 

Sampling proceeded until composting temperature was almost near ambient temperature and stand 

still Gumaa, 2009. Laboratory analyses included measurements of moisture content and temperature 

of the composted materials, which were recorded daily during the composting period. Composition of 

food samples used in the study is presented in Table 2. 

The biogas is a mixture of carbon dioxide, methane, hydrogen sulphide and nitrogen, Liang, et al, 

2006. The amount of hydrogen sulphide is less than 1%, Kaparaju et al., 2008. The amount of 

nitrogen is difficult to estimate although it can be measured with gas chromatography, (GC) Juanga 

et al., 2005 and Bonn, 2008.  

 

2.4 Laboratory Simulation 

In order to study the influence of NaoAc addition on biogas production, two laboratory    biodigesters    

in   series   was investigated spontaneously.  In digester b, NaoAc salt was added to the mixture; 

digester a was conducted as a control treatment without NaoAc addition. The procedures held were 

as followed: the raw material mixture; 
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Composition of biogas was measured by taking a 50 ml of biogas sample in a large syringe and 

pushing the biogas slowly (over 10 minutes) through a 0.5L glass bottle liquid displacement system 

containing a strong solution of NaOH (4 g/l). As the biogas passes through this high pH solution, the 

CO2 of the biogas is converted to carbonate and absorbed into the liquid, only the methane passes 

through the solution and an equivalent volume of alkaline solution is pushed out of the glass bottle 

as shown in Fig. 3.  

The volume of alkaline solution that pours out of the bottle divided by the volume of biogas injected 

is equal to the fraction of methane in the biogas, Juanga et al., 2005; Bonn, 2008 and Gumaa, 

2009. 

3. RESULT AND DISSCUSSION 

Results are based on parameters used to assess the anaerobic-aerobic mixed solid waste 

conversion, NaoAc addition, and methane gas production. 

 

3.1 Temperature Profiles 

The temperature of the composting mixture in both runs rose soon after beginning the 

experiment and reached    63 ± 2
o
C within 20 to 25 days, corresponding to an average increase rate of 

2°C/ day as shown  in Fig. 4. 

The temperature increased to the thermophylic level (above 50 °C) within 13, 7 days in Run A, 

Run B respectively, indicating that the indigenous microorganisms could easily utilize the organic 

materials in the amended food waste.  

    The thermophylic phase lasted more than 15days in Run A and 20 days in Run B, and then 

the temperature slowly dropped to a normal level. The duration of the thermophylic phase in Run B 

was relatively longer than that in Run A. The increase in temperature with time is consistent with 

previous reports of, Benson et al., 2007. 

The overall average ambient temperature during this research was 40±3
o
C, indicating that 

exothermic reactions in the digester contributed considerable beneficial heating. For the batch 

digester the system was located in a water bath adjusted at 50 
o
C. This relatively high temperature 

would be expected to facilitate digestion. It also shows that the cell is capable of retaining heat that 

is generated during decomposition to withstand sudden electric cutoff.    

It is clearly shown that composting proceeded more rapidly in the laboratory plastic 

biodigesters than in the large tank in both runs a and b due to the relatively optimal conditions i.e., 

under control and suitable surrounding environment. Temperature profiles for run a and run b are 

shown in Fig. 5.  

 

3.2 The Changes of pH 

The changes of pH are shown in Fig. 6.  The pH had its lowest value at day 4 in all runs. 

The addition of NaoAc raised the pH value in Run A because NaoAc is an alkaline salt that forms a 

buffer solution through combining with acetic acids present in the composting material. This 

partially neutralized the acids and tended to maintain a relatively stable pH (5-5.8) level. However, 

maximum pH levels in the reactor with the addition of NaoAc were around 9.1, while in the control 

reactor was about 7.0. 
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3.3 Moisture Content 

The moisture content tended to decrease due to the combination of high temperature levels 

and aeration during the thermophylic phase and was controlled by applying water (humidifying) the 

compost mass. The initial moisture content 63.5 % of the wet weight was reduced in all experiments 

to reach an average moisture content of 40±5% of the wet weight, remaining above the minimum 

moisture content of 40% suggested by Liang et al., 2003 and Petric Petric et al., 2009 for optimal 

composting conditions. After that, no significant changes in parameters have been observed. 

 

3.4 Electric Conductivity 

Fig. 7 shows the variation of electrical conductivity with time. The electrical conductivity 

slightly increased on day 1. Since decomposable compounds were easily released in the solution, 

the soluble ions in the water extract may increase slightly at the beginning of the composting 

process. The electrical conductivity was in the range of 2 to 3 dS/m during composting.  

The initial EC increase could be caused by the release of mineral salts such as phosphates 

and ammonium ions through the decomposition of organic substances, Fang and Wong, 2000. As 

the composting process progressed, the volatilization of ammonia and the precipitation of mineral 

salts could be the possible reasons for the decrease of EC at the later phase of composting, Beck et 

al., 2003. 

 

4. EVOLUTION OF COMPOST CHARACTERISTICS 

4.1 Organic Matter Loss  

  Dry matter losses mainly occurred during the first 13 days TMECC, 2002 but varied among 

composting runs, with a mean loss of dry matter of 32 ± 9% and a coefficient of variation of           

15.6 %.  

 

4.2 Compost Quality 

The concentration of nitrogen was very low in the final compost suggesting that nitrogen 

was lost during composting upon opening the digesters. Losses of nitrogen in this composting 

process were governed mainly by volatilization of ammonia due to high pH (that is because of the 

addition of NaoAc) and high temperatures values of the substrate. Agitation and aeration rate may 

have also affected the rate of ammonia volatilization, Beck et al., 2003. However, as composting 

was developing nitrates concentration presented a significant increase which can be explained by 

the activity of autotrophic nitrobacteria which oxidize ammonium compounds into nitrates in the 

presence of oxygen-rich environment, Benson, et al., 2007 and Chroni et al., 2009.   

Nitrates reached 0.6 mg/l and 2.84 mg/l on the 40th day of the process, for Run A and B 

respectively, which can be considered as an indicator of a high degree of compost stabilization. 

Phosphorous as P2O5 reached 3.1 and 4.5 mg/kg on the 40th day of the process, for Run A and B 

respectively, which are higher than the recommended levels, while potassium as K2O reached 3.12± 

0.03 mg/kg for both runs. Results of Run A were expressed in Table 3. 

 

4.3 Heavy Metals  

            Metal concentrations were below the maximum permissible levels of organic farming 

recommended by the Japanese Ministry of Agriculture. The maximum permissible levels for organic 

farming in Japan are 2 mg/kg mercury, 5 mg/kg cadmium, 50 mg/kg arsenic, 600 mg/kg copper, and 

1800 mg/kg zinc, Japanese Ministry of Environment, 2005. As may be concluded, the quality of 
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the current compost meets the requirements of USDA and US. Composting Council, TMECC, 2002 

as shown in Table 3. 

 

4.4 Germination Test 

Maturity of compost may be evaluated with the use of the cress seed germination bioassay, 

which is sensitive to excessive salinity or the presence of phytotoxic simple organic acids or phenol 

compounds, Chroni, et al. 2009 and Donovan, 2012. One of the most significant germination tests is 

that reported by Zucconi et al., 1981 and Zucconi et al.1985, and many later tests were developed 

from this.  

The results of germination shows 86.5% relative seed germination and 98% root growth; the 

calculated value of germination index (GI) is 84.8% which is better than the suggested value of 60% 

for cress reported by Diaz Diaz et al., 2007. On the other hand, poor relative seed germination of 

50.9%, root growth 16.4%, and GI 8.3% values were observed upon analyzing a commercial compost 

extract. 

Table 5 gives values for very mature, mature and immature composts TMECC, 2002, which 

shows that the obtained compost can be classified as mature compost. 

 

5. GAS PRODUCTION AND COMPOSITION 

It was impossible to assess the impact of NaoAc addition on methane production in both runs 

A and B in the large tank; therefore, two-laboratory biodigesters of two liters each were used  

spontaneously as biodigesters (a and b).  In digester b, NaoAc salt was added to the raw material 

mixture; digester a was conducted as a control treatment without NaoAc addition. Experiments were 

held in the Environmental Engineering Department laboratory in Baghdad University.  

The largest fraction of gas probably had been lost from the compost by volatilization. The 

total volume of methane produced was 68±1% of the total gas produced with the absence of NaoAc, 

where the production reached 75±1%for the NaoAc-amended compost, indicating that the addition of 

NaoAc had effectively increased the extent of methane gas production due to effective material 

degradation. 

 Biogas production is very slow at both, the beginning and at the end period of observation. 

This is predicted due to the biogas production rate in the digester is directly corresponded to the 

specific growth rate of methanogenic bacteria in the biodigester, Nopharatana et al., 2007. After 27 

days observation, biogas production tends to decrease due to the stationary phase of microbial 

growth. 

The rate of methane gas produced agreed with other results of researchers, Lo et al., 1984, 

Nopharatana et al., 2007 and Kaparaju et al., 2008. 

 

6. CONCLUSIONS  

The characteristics of the wastes composted and the temperature profiles obtained indicate that 

composting is a suitable technology to treat food wastes and to recycle them into stabilized and 

sanitized soil amendment. The final compost produced in this study was satisfactory for its 

agricultural application in terms of pH, electrical conductivity as a salt content index, germination 

test and heavy metal contents. 

The main findings were: 

1. In-vessel composting can process large amounts of waste without taking much space or cost as 

other solid waste management methods. In addition, it can accommodate virtually any type of 
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organic waste (e.g., meat, animal manure, bio solids, food scraps). The length of the composting 

process was 35 days in the vessel and two weeks of curing out of the vessel. The residuals after 

composting were about 33% of the original weight for run A and slightly less for run B 30%, i.e. 

the 66.6 kg turned to be 20.7 kg in the vessel B, indicating successful reduction. The bulk density 

of the composting materials was 750 kg/m
3
 at day 1, and kept on decreasing after each mixing 

trial to reach 390 kg/m
3
 of day 12.  Almost equal for both runs. 

2. The temperature of the composting mixture in both runs rose soon after beginning the experiment 

and reached 63 ± 2
o
C within 20 to 25 days, corresponding to an average increase rate of 2 °C/ 

day. The duration of the thermophylic phase in Run B of 20 days was slightly longer than that in 

Run A of 15 days.  

3. It was clearly shown that composting proceeded more rapidly in the laboratory plastic 

biodigesters than in the large vessel due to the relatively optimal conditions i.e., under control and 

suitable surrounding environment. 

4. Final pH levels in reactors B was around 9.1, while the control reactor was about7.  

5. Electrical conductivity slightly increased on day 1, as the composting process progressed, the 

volatilization of ammonia and the precipitation of mineral salts caused EC reduction at the later 

phase of composting. Overall, electrical conductivity was in the range of 2 to 3 dS/m for both 

runs. 

6. The initial moisture content (63.5 % of wet weight) was reduced in all experiments to reach an 

average moisture content of 40±5 % of the wet weight. 

 

6.1 Compost Maturity 
Compost maturity was evaluated using certain indices; the levels of indices were relatively 

stable in the latter part of the composting period, and they remained constant.  

1.  Nitrates as ammonia reached 0.6 mg/l and 2.84 mg/l on the 40
th

 day of the process, for Run A 

and B respectively, which can be considered as an indicator of a high degree of compost stabilization. 

2.  Phosphorous as P2O5 was 3.1 and 4.5 mg/l on the 40
th

 day of the process, for Run A and B 

respectively, which are higher than the recommended levels. Potassium as K2O reached 3.12 ± 0.03 

mg/kg for both runs that is within the recommended level of the USA compost quality standard, 

TMECC, 2002. 

3. The metal concentrations in this study were below the maximum permissible levels for organic 

farming recommended by the Japanese Ministry of Agriculture, Japanese Ministry of 

Environment, 2005 and the recommended levels of the USDA and US Composting Council 

standards, TMECC, 2002.  

 

6.2 Gas Production and Composition 
In all cases, a peak in gas emissions was observed in coincidence with the thermophylic stage. 

In fact, gas emissions may be proposed as an indicator of the biological activity of composting 

materials, Liang, et al., 2006. Results showed: 

1. Biogas production is very slow at the beginning and at the end period of observation. 

2. The total volume of methane produced was 75±1% of the total gas produced in run a and 68±1% 

of the total gas produced in run b, indicating that the addition of NaoAc had effectively increased 

the extent of methane gas production due to effective material degradation. 
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 6.3 Germination Test  

The results showed that relative seed germination = 86.5%, relative root growth =98%, and 

GI=84.8%. The obtained compost can be classified as mature compost, TMECC, 2002. This 

stabilized compost can be finally considered very satisfactory for agricultural use. 
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Figure 2. Laboratory batch 

digesters of anaerobic 

digestion to estimate the 

generated biogas. 

Figure1. In vessel 

bioreactor 
 

 

Figure3.Gas collection by 

displacement.   

 
 

Figure 1. In-vessel 

composting reactor. 
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Item (kg) Run A  Run B 

Potato  8.46  8.46 

Carrot  13.06  13.06 

Meat  2.34  2.34 

Soybean  13.06  13.06 

Steamed rice  13.34  13.34 

Soil  13.34  13.34 

Leaves 3.06  3.06 

Water  4.66  4.66 

NaoAc  0  0.60 

Item (g)  Run a  Run b 

Potato  74.1  74.1 

Carrot   114.3  114.3 

Beef   20.4  20.4 

Soybean  114.3  114.3 

Steamed rice   116.7  116.7 

Soil   116.7  116.7 

Leaves  26.8  26.8 

Water  41  41 

NaoAc   0  5.83 

Figure5.Temperature profiles in simulated 

digester. 

 

Table 1. Raw material for the 

compositing processes in the vessel. 

reactor 
 

Table 2. Raw materials for batch 

digesters lab-size. 
 

Figure 4. Temperature profiles 

through composting process. 
 

 

Figure 6.   pH profiles of the  composting 

processes. 

 
 

Figure 7. Variation of electrical conductivity 

during composting. 
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                                   Table 5. Compost maturity Indices TMECC, 2002. 

 

Heavy metal 

(mg/kg, dry 

weight ) 

Run A 

compost 

TMECC  

2002 Max. 

Pb 110 150 

Zn -------- 1400 

Cu 28 750 

Ni 35 210 

Cd 0.54 2 

Moisture 

content 

40.2 % 30-60 % 

Electrical 

conductivity 

(EC) dS/m 

2.75 4.7 

Available 

nutrients 

(NPK)mg/kg 

1.1 N 

3.1  

P2O5 

3.12 

K2O 

1.6 N 

2.57 P2O5 

8 K2O 

C/N 20/ 25 20/30 

parameter Compost 

extract of 

in-vessel 

lab-scale 

reactor 

Commercia

l compost 

extract 

Total seeds 75 75 

Germinated 

seeds 

45 33 

Mean root 

length (cm) 

0.98 0.85 

%Relative 

seed 

germination 

86.5 50.9 

%Relative root 

growth 

98 16.4 

%Germination 

index 

84.8 8.3 

Method Units Rating 

 Very Mature Mature Immature 

NH4- : NO3-N Ratio < 0.5 0.5 - 3.0 > 3 

Total NH3-N ppm, dry basis < 75 75 - 500 > 500 

%Seed Germination   > 90 80 - 90 < 80 

Plant Trials % of control > 90 80 - 90 < 80 

Table 3 Characteristics of run A 

compost and compost quality. 

standards.  

Table 4. Outcomes of germination. 

test. 
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ABSTRACT 

The removal of cadmium ions from simulated groundwater by zeolite permeable reactive 

barrier was investigated. Batch tests have been performed to characterize the equilibrium 

sorption properties of the zeolite in cadmium-containing aqueous solutions. Many operating 

parameters such as contact time, initial pH of solution, initial concentration, resin dosage and 

agitation speed were investigated. The best values of these parameters that will achieved removal 

efficiency of cadmium (=99.5%) were 60 min, 6.5, 50 mg/L, 0.25 g/100 ml and 270 rpm 

respectively. A 1D explicit finite difference model has been developed to describe pollutant 

transport within a groundwater taking the pollutant sorption on the permeable reactive barrier 

(PRB), which is performed by Langmuir equation, into account. Computer program written in 

MATLAB R2009b successfully predicted meaningful values for Cd
+2

 concentration profiles. 

Numerical results show that the PRB starts to saturate after a period of time (~120 h) due to 

reduce of the retardation factor, indicating a decrease in percentage of zeolite functionality. 

However, a reasonable agreement between model predictions and experimental results of the 

total concentration distribution of Cd
2+

 species across the soil bed in the presence of zeolite 

permeable reactive barrier was recognized. 

 

Keywords: cadmium removal, sorption process, zeolite, permeable barrier, groundwater 

remediation.                 

   

النفار تفاعليالباستخذام تقنيو الحاجس بالكادميىم المياه الجىفيو الملىثومعالجت نمزجت ومحاكاة   

 
أياد عبذ الحمسهد.    دزمن عجيل حمى                                                                                  

    طالبت ماجستير                                                                                                                            أستار مساعذ

جامعت بغذاد                    -كليت الهنذست جامعت بغذاد -كليت الهنذست                         

  

 الخلاصت

حٍذ  .نذساست انحانٍتػُٓا با ُحشيانضٌٕلاٌج حى انحاصض حفاػهً َفار يٍ  ًٍاِ انضٕفٍّ باسخخذاواناصانت إٌَاث انكاديٍٕو يٍ 

ى ح اصشٌج انؼذٌذ يٍ فحٕطاث انذفؼت نخٕطٍف خٕاص ايخضاص يهٕد انكاديٍٕو يٍ انًحانٍم انًائٍت ػهى يادة انضٌٕلاٌج.

، انخشكٍض الابخذائً نهًؼذٌ، نهًحهٕل ٍتالابخذائ انذانّ انحايضٍت ،صيٍ انخًاط خشغٍهٍّ يزمانًخغٍشاث ان انؼذٌذ يٍدساست حأرٍش

 %9...حظم انى  نًهٕد انكاديٍٕؤانخً ححمك كفاءة اصانت  انًخغٍشاث اٌ افضم لٍى نخهكٔسشػت الاْخضاص.   ةكًٍت انًادِ انًاص

احادي حى اػذاد ًَٕرس سٌاضً ./دلٍمّ ػهى انخٕانًةدٔس 270ٔ  ٍهخشيه100يهغى/ 0.29يهغى/نخش، 90 ،0.9دلٍمّ،  00 كاَج

انبؼذ باسخخذاو طشٌمت انفشٔق انًحذدة ٔانزي ٌأخز الايخضاص انحاطم فً يُطمت انحاصض انخفاػهً انُفار بٕاسطت يؼادنت لاَكًٍش 

سسى لٍى  انًاحلاب ٔانزي اسخطاع اٌ ٌؼبش بُضاط ػٍ رنك انًُٕرس ٔانزي ٌٓذف انى بشَايش ٔيٍ رى اسخخذاو بُظش الاػخباس.

صيٍُت حظم انى            انحاصض انفؼال انُفار بؼذ فخشِ بذء ػًهٍت حشبغ . أظٓشث انُخائش انؼذدٌت ا ٔيكاٍَاصياٍَ حشاكٍض انكاديٍٕو

انُخائش  بٍٍ حطابك ػهى انؼًٕو ٌٕصذ .نزنك انحاصضضاص ٔانزي ٌشٍش انى حُالض الاداء بفؼم حُالض يؼايم الاحخ (ساػ120ّ)

 َفار. حفاػهًانضٌٕلاٌج كحاصض  ٕصٕدنكاديٍٕو ػهى طٕل انخشبّ انًهٕرّ بنخٕصٌغ حشاكٍض ا ًخخبشٌتانُخائش انانُظشٌت ٔ
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1. INTRODUCTION   

The presence of toxic pollutants in groundwater brings about significant changes in the 

properties of water resources and has to be avoided in order to preserve the environmental 

quality. Heavy metals are among the most dangerous inorganic water pollutants, they can be 

related to many anthropogenic sources and their compounds are extremely toxic. Many heavy 

metals, such as mercury, chromium and cadmium, accumulate in the aquatic food web reaching 

human beings through the food chain, and causing several pathologies. The presence of heavy 

metals in groundwater is due to water exchange with contaminated rivers and lakes or to 

leaching from contaminated soils by rainfall infiltration. 

Groundwater remediation techniques such as pump and treat are widely used but have proven 

that they are difficult, costly and ineffective most of the time in removing enough contamination 

to restore the groundwater to drinking water standards in acceptable time frames. The primary 

reason for the failure of pump and treat is the inability to extract contaminants from the 

subsurface due to hydro-geologic factors and trapped residual contaminant mass. Hence, the 

removal of these contaminants from groundwater is a major challenge for environmental 

engineering. One of the most promising technologies is the in-situ treatment of groundwater 

contaminants by means of permeable reactive or adsorbing barriers (PRBs), Di Natale, et al., 

2008. 

The main advantage of a reactive barrier is the passive nature of the treatment: the 

contaminated groundwater moves under natural hydraulic gradient through the permeable 

reactive zone where the pollutant is degraded or immobilized. The use of reactive materials 

whose hydraulic conductivity is higher than that of the surrounding soils ensures that 

groundwater spontaneously flows through the barrier without any external energy input. This 

method is found to be more cost-effective than pump and treat and has been a demonstrated 

potential to diminish the spread of contaminants which have proven difficult and expensive to 

manage with other cleanup methods, Puls, et al., 1998. 

Accordingly, PRBs are installed in the aquifer across the flow path of a contaminant plume. 

As the contaminated groundwater moves through these barriers due to the natural gradient, the 

contaminants are removed by physical, chemical and/or biological processes. Depending on what 

processes take place, the reactive barrier material can remain permanently in the subsurface, or 

replaceable units can be provided. As the reactions that occur in such systems are affected by 

many parameters, successful application of this technology requires a sufficient of contaminants 

characterization, Stengele, and Kohler, 2001. 

 

2. THEORY 

A general differential equation, describing the transport of a dissolved constituent, subject to 

physical and chemical transport processes. The mass conservation equation for control volume 

shown in Fig. 1 may be expressed as: 

 

(Rate of mass input) - (rate of mass output) ± (rate of mass production or consumption) = rate of 

mass accumulation                                                                                                                        (1) 

This equation can be written mathematically as:                       

 

                                                                                             (2)  

                 
where J is the mass flux of solute per unit cross-sectional area transported in the direction 

indicated by the subscript x, y, or z; r is the rate of mass production/consumption given by the 



Journal of Engineering Volume   20   -   2014 Number 4  -   April 
 

 

136 

 

kinetic model of reaction, n is the porosity of the medium, and c is the solute concentration 

expressed as mass of solute per unit volume of solution. 

    The two mass transport processes of advection and dispersion govern J in Eq. (2). The 

transport of dissolved contaminants follows that of water via advection and is therefore related to 

the velocity of water flow. The direction of hydraulic gradients dictates to a large extent the 

direction of dissolved contaminant transport. If advection is the only mechanism of transport, the 

pore velocity (Darcy velocity divided by porosity) is an indicator of the transport of dissolved 

contaminants. In reality, however, there are other mechanisms incorporating with advection. The 

saturated soil possesses concentration gradients in addition to hydraulic gradients because of the 

localized presence of the dissolved chemical. These concentration gradients provide an 

additional mechanism of transport namely, diffusion. The effect of diffusion is represented by 

spread out of contaminant in all directions in response to concentration gradients. The relative 

contributions of advection and diffusion are therefore dependent on the magnitudes of velocity 

and the concentration gradients. The diffusion of chemicals in soils is typically grouped with 

another important transport mechanism known as mechanical dispersion. The mechanical 

dispersion is the effect of advective velocities which, when sufficiently high, cause a mixing of 

the chemical in the porous medium. Accordingly, the mass flux (J) due to advection and 

dispersion in the x direction may be expressed as, Reddi, and Inyang, 2000: 

 

   &                                                                                 (3) 

                                                        

where Vx is pore velocity in the x direction. The Dx includes the two components of molecular 

diffusion and mechanical dispersion. Summing up the contributions from advection and 

dispersion, the mass fluxes are substituted into the Eq. (2) and the resultant will be:  

 

               (4) 

 

By assuming that the velocities are steady and uniform, the dispersion coefficients do not vary 

in space, and the porosity of the medium is constant in time and space; one dimensional mass 

transport of solute in the saturated zone of the soil which well-known advection-dispersion 

equation (ADE) can be established as follows: 

 

                                                                                                                  (5) 

 

The exact form of the ADE depends on the mass transfer processes accounted for in the term 

r. One of the dominant mass transfer mechanisms occurring during mass transport is sorption 

which represents the fundamental mechanism for the operation of the reactive permeable 

barriers. Incorporating sorption can be achieved by using Linear, Langmuir, or Freundlich 

isotherm. However, the simplest way for incorporation is the linear sorption isotherm as below: 

 

                                                                                                                                         (6) 

 

where S is the quantity of mass sorbed on the surface of solids and Kd is the distribution 

coefficient. The rate expression r is equal to the product of time derivative of S and dry mass 

density, ρb. Thus, 
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                                                                                                                      (7) 

 

Substituting Eq. (7) in the Eq. (5) and rearrangement of terms yields: 

 

                                                                                                                     (8) 

 

where R (=1+ρbKd /n) is known as the retardation factor since it has the effect of retarding the 

transport of adsorbed species relative to the advection front. 

 

3. BOUNDARY VALUE PROBLEM 

3.1 Governing Equations 

The 1D model consists of the source area (where the aqueous-phase source is assumed to be 

perfectly mixed and the concentration, cs, is assumed to be uniform) and two homogenous 

porous transport domains; the receiving aquifer and the permeable reactive barrier as shown in 

Fig. 2. Because the reactive barrier is permeable, flow velocity (VB) in the barrier is evaluated as 

follows: 

 

                                                                                                                                 (9) 

 

where nA is the porosity of the aquifer; nB is the porosity of the barrier; and VA is the flow 

velocity in the aquifer. Eq. (8) can be re-written to describe the contaminant, i.e. Cd
2+

, transport 

inside the barrier as follows: 

 

                                                                                             (10) 

 

where cCdB is the cadmium concentration in the permeable reactive barrier for LA ≤ z ≤ LA+LB; 

DBz is the reactive barrier molecular dispersion coefficient in the direction of flow and RB is the 

retardation factor in the barrier. In the same manner, solute transport in the aquifer can be written 

as: 

 

                                                                                              (11) 

 

where cCdA is the cadmium concentration in the aquifer for 0 ≤ z ≤   LA and LA+LB  ≤ z ≤  L; DAz 

is the hydrodynamic dispersion coefficient and RA is the retardation factor in the aquifer. 

However, the value of RA is assumed equal to 1 in the present study. Also, continuity is assumed 

at the reactive barrier- aquifer interface.  

 

3.2 Initial and Boundary Conditions 

The mathematical model consists of the three governing differential equations describing 

cadmium transport in the aquifer upstream of the barrier, in the barrier, and in the aquifer 

downstream of the barrier Eqs. (10) and (11). Each equation in each domain must have one 

initial and two boundary conditions to generate the required solution describing the contaminant 

distribution as function of distance and time. The initial conditions: 

 

cCdA (z,0) =0   for 0 ≤ z  ≤ LA   and  LA+LB  ≤ z ≤ L                                                                   (12a) 

cCdB (z,0) =0     LA ≤ z ≤ LA+LB                                                                                                  (12b)  
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Also, two boundary conditions and four intermediate conditions at the interface between the 

barrier and the aquifer are selected to complete the solution process as follows: 

cCdA(0,t)=cs                                                                                                                                 (13a) 

 

                   @ (L,t)                                                                                                    (13b) 

 

 cCdA(LA,t)=cCdB(LA,t)                                                                                                                (13c) 

 

cCdA(LA+LB,t)=cCdB(LA+LB,t)                                                                                                    (13d) 

 

           @ (LA , t)                          (13e) 

 

                            @ (LA+LB, t)                      (13f) 

 

where LA is the distance from source of contaminant to the reactive barrier and LB is the 

thickness of the reactive barrier. 

An explicit method among finite difference methods was applied to the PDE describing the 

transport of contaminant through saturated zone of the soil. Eq. (10) was formulated with the 

following producer: for time, forward difference was used; for space, backward difference was 

used for simple partial difference; and center difference was used for quadratic partial difference: 

 

 

                                                                                                          (14) 

 

This equation can be re-written as a following simple form: 

                                                                                  (15) 

 

 

 

where ei ai, and bi are the coefficients associated with , & , respectively. The 

superscript n+1 and n are the next and present time step, respectively; Δt=
n+1

-t
n
 is the time step 

size, and i, i+1, i-1 are the grid identification Fig. 3. 

Similar to Eq. (10), the migration of Cd
2+

 through the aquifer domain described by Eq. (11) can 

be formulated in the same procedure. The formulation of discretized algebraic equations was 



Dr. Ayad Abdulhamza Faisal 

Zaman Ageel Hmood 
Modeling and Simulation of Cadmium Removal from 

the Groundwater by Permeable Reactive Barrier 

Technology 

 

139 

 

followed by development of computer program for its implementation. This program was written 

in MATLAB R2009b.  

 

4. EXPERIMENTAL METHODOLOGY 

4.1 Materials 

Naturally Iraqi soil was used as porous medium in the experiments conducted in the present 

study. Table 1 summaries the composition and properties of this soil. It was cleaning and well-

sorted which needed to an additional sieving to achieve satisfactory uniformity. The proper 

characterization and preparation of the soil was important in order to ensure high accuracy in the 

experimental procedure. 

A commercially zeolite pellets with diameter (35.96 mm) manufactured by (Dwax company 

for synthetic zeolite) were used as reactive materials. The resins were washed with 1M of NaOH 

and 1M of HCl in order to remove possible organic impurities, and then they washed with 

distilled water to remove all excess and basic. Finally the resins were dried for 24 hours. Table 2 

shows the composition and reported physico-chemical properties of the zeolite used in the 

present study. 

Cadmium was selected as a representative of heavy metal contaminants. To simulate the 

water's cadmium contamination, a solution of Cd(NO3)2.2H2O (manufactured by E. MERCK, 

Denmark) was prepared and added to the specimen to obtain representative concentration. 

 

4.2 Batch Experiments 

Batch equilibrium tests are carried out to specify the best conditions of contact time, pH, 

initial concentration, resin dosage and agitation speed. This means that these tests are suited to 

identify the activity of the reactive material and the sorption isotherm. Series of 250 ml flasks are 

employed. Each flask is filled with 100 ml of cadmium solution which has initial concentration 

of 50 mg/l. About 0.25 g of adsorbent was added into different flasks. The solution in the each 

flask was kept stirred in the high-speed orbital shaker at 270 rpm for 3 hours. A fixed volume 

(20ml) of the solution was withdrawn from each flask. This withdrawn solution was filtered to 

separate the adsorbent and a fixed volume (10 ml) of the clear solution was pipetted out for the 

determination of the amount of unsorbed metal ion still present in solution. The measurements 

were carried out using atomic absorption spectrophotometer (AAS). These measurements were 

repeated for two times and average value has been taken. However, the adsorbed concentration 

of metal ion on the resin was obtained by a mass balance. 

Kinetic studies were investigated with different values of pH (2, 4, 6.5, and 8), different 

values of initial concentration of Cd
2+

 (50, 100, 150, 200 and 250 mg/l), five amounts of 

adsorbent dosage (0.15, 0.25, 0.5, 1 and 2 g) and finally two values of shaking speed (200 and 

270 rpm). 

    

4.3 Column Test Setup   

Fig. 4 shows the schematic diagram of the reactor setup used in the present study. This setup 

is constructed of Perspex cylinder having height and diameter equal to 70 and 5 cm, respectively; 

the column is equipped with seven sampling ports at the distance of 10 (port 1), 20 (port 2), 30 

(port 3), 40 (port 4), 50 (port 5), 60 (port 6), 65 cm (port 7) from the bottom. These ports along 

the length of the column should be constructed of stainless steel fittings which blocked with 

Viton stoppers. Sampling was carried out at specified periods from sampling ports using needle 

to be inserted into the center axis of the column.  

At the beginning of each test, the column was packed with 45 cm depth of soil specimen 

measured from the bottom of this column. Then, zeolite with depth of 5 cm was placed at the top 
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surface of the packed soil. Again, 15 cm of the soil was added above the layer of the zeolite. The 

column was then filled with distilled water that was fed slowly into the bottom of the column and 

forced upward through the medium. The up flow column test was performed at constant 

temperature, 25±1 ºC. 

The contaminated solution with Cd
2+

, which simulated the contaminated groundwater, was 

introduced into the column from certain reservoir. The flow from this reservoir, which is placed 

at the elevation higher than the level of column outlet, was controlled by valve 1, flow meter and 

valve 2. The elevation of water in the reservoir was changed to form the required hydraulic 

gradient across the specimen and, consequently, this was determining a flow rate within the 

column. However, three values of flow rate (5, 10, and 15 ml/min) are selected here with 

corresponding velocities equal to (3.978, 7.958, and 11.937 m/day) respectively. About 11–15 l 

of artificial contaminated water was flushed the column for each experiment. 

Monitoring of Cd
2+

 concentration along the length of the column in the effluent from 

sampling ports was conducted for a period of 15 hrs. Water samples were taken regularly (after 

5, 10, and 15 hours) from these ports. For sampling the ports, three needles were connected to 

the three ends of Viton stoppers covered port 2, port 4, and port 6 in each test. However, these 

selected sampling locations may be changed periodically to comprise the ports (1, 3, and 5) 

during the same test.   In addition to specify three locations only for sampling, the column 

effluent line was closed and a small amount of water (1-1.5 ml) was withdrawn from these ports. 

In this way, the samples were taken at the flow rate of the column and this minimized disruption 

of flow within the column. The samples were immediately introduced in poly-ethylene vials and 

analyzed by AAS. 

The filling material in the column was assumed to be homogeneous and incompressible, and 

constant over time for water-filled porosity. The volumetric water discharge through the column 

cross section was constant over time and set as the experimental values. The pollutant inlet 

concentration was set constant. All tubing and fitting for the influent and effluent lines should be 

composed of an inert material. Information from the column study can be used along with the 

site characterization and modeling to help in designs the field-scale PRB. 

 

4.4 Hydraulic Parameters Determination 

The porosity, n, of column was estimated from the weight of the sand soil, M, and the volume 

of the column, V, according to the following formula: 

 

             &                                                                                                       (16) 

 

where ρb is the bulk density of the soil column and ρs is its mass density.   

A tracer experiment was performed to determine the effective dispersion coefficient for the 

system. A sand soil was packed into the column in a dry condition for a depth of 45 cm. The 

column was then filled with distilled water that was fed slowly into the bottom of the column and 

forced upward through the medium, pushing the air in front of it. As a result of this procedure, 

no difficulties with entrapped air were encountered. A solution of 1 g/l NaCl in distilled water as 

a tracer was continuously fed into the column, at a rate of 0.3 l/hr. Electrical conductivity was 

measured with time, as a representative of concentration, by using conductivity meter at port 7 

(zo=65 cm). In this case, the value of DL is given by the following formula, Ujfaludi, 1986. 

                                                                                                 (17) 
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where DL is the longitudinal dispersion coefficient, V is the mean pore velocity of seepage 

(volume rate of flow per unit cross sectional area of voids), t0.16 and t0.84 are the arrival times of 

c/co = 0.16 and 0.84 relative concentration values, respectively. 

In order to establish the relationship between the DL and V, the experiment described above 

was repeated with another two values of flow rate. These values were 0.6 and 0.9 l/hr. However, 

the same procedure can be adopted to develop the same relationship between the DL and V when 

the porous medium will be a zeolite. 

. 

5. RESULTS AND DISCUSSION 

5.1 Batch Experiments 
5.1.1 Equilibrium time 

Fig. 5 shows the effect of contact time on cadmium exchange using 0.25 g of zeolite added to 

100 ml of metal solution for batch tests at 25±1ºC. Equilibrium for the purposes of this study was 

taken as having been reached when the cadmium removal efficiency values plateau. This 

occurred at a reaction time of approximately 1 h. This value can be subsequently used for all 

batch tests.  

It is clear from figure mentioned above that the percentage of metal ion sorbed (i.e., 

adsorption rate) was very fast initially and it's increased with increasing of contact time until 

reached the equilibrium time. This may be a result to decrease mass transfer coefficient of the 

diffusion controlled reaction between resins and metal ions, Zaiter, 2006. Also this may be due 

to the presence of large number of resin sites available for the adsorption of metal ions. As the 

remaining vacant surfaces decreasing, the adsorption rate slowed down due to formation of 

replusive forces between the metals on the solid surfaces and in the liquid phase, El-Sayed, et 

al., 2010.  However, further increase in contact time had no significant effect on cadmium 

removal. The maximum removal efficiency of cadmium using zeolite achieved in the present 

study was 99.8%.   

 

5.1.2 Initial pH of the solution 

Fig. 6 shows that the sorption behavior of metal ions is more sensitive to pH changes. A 

general increase in cadmium sorption with increasing pH of the solution has been observed up to 

pH equal to 6.5. There are no hydroxo complexes in the solution at pH less than 6.5; only 

dissociated aqua-ion-forming Cd(II) ions are present. Accordingly, the increase in the metal 

removal as the pH increases (i.e., as the solution becomes more basic) can be explained on the 

basis of a decrease in competition between proton and metal species for the surface sites, and by 

the decrease in positive surface charge, which results in a lower columbic repulsion of the 

sorbing metal. However, further increase in pH values would cause a decreasing in removal 

efficiency. This may be attributed to the formation of negative cadmium hydroxides Cd(OH)2ˉ 

which are precipitated from the solution making true sorption studies impossible. In addition, at 

low pH values an excess of protons can compete effectively with the Cd(II) ions for binding sites 

on zeolite surface.  

 

5.1.3 Initial cadmium concentration 

To study the effect of initial concentration of cadmium on the removal efficiency, the 

operating conditions were set as follows: volumes of solutions used were 100 ml, concentration 

of cadmium ranging between 50 and 250 mg/l, were shaken with 0.25 g/100 ml of zeolite for 1 h 

with initial pH of the solution is 6.5. 

Fig.7 illustrates the removal of Cd
2+

 ions by zeolite as a function of initial metal ion 

concentration. The results show that there was a higher removal of the metal in the first values of 
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initial concentration. This removal was decrease with increasing of initial concentration up to 

200 mg/l and beyond this value, there is not a significant change at the amount of adsorbed metal 

ions. This plateau represents saturation of the active sites available on the zeolite samples for 

interaction with metal ions. It can be concluded that the amount of metal ions adsorbed into unit 

mass of the zeolite at equilibrium (the adsorption capacity) rapidly decreases at the low initial 

metal ions concentration and then it begins to a slight decrease with increasing metal 

concentration in aqueous solutions in the length between 200 and 250 mg/l. These results 

indicate that energetically less favorable sites become involved with increasing metal 

concentrations in the aqueous solution, Buasri, et al., 2008. 

 

5.1.4 Resin dose 

The dependence of Cd(II) sorption on adsorbent dosage was studied by varying the amount of 

zeolite from 0.15 to 2 g added to 100 ml of metal solution for batch tests at 25±1ºC, while 

keeping other parameters as follows; co=50 mg/l, pH=6.5, shaking speed=270 rpm and contact 

time=1 hour. Fig. 8 presents the Cd(II) removal efficiency as a function of different amounts of 

zeolite. It can be observed that removal efficiency of the zeolite improved with increasing 

adsorbent dosage from 0.15 g to 0.25 g for a fixed initial metal concentration. This was expected 

due to the fact that the higher dose of adsorbents in the solution, the greater availability of 

exchangeable sites. This also suggests that after a certain dose of adsorbent (0.25 g), the 

maximum adsorption sets in and hence the amount of Cd(II) bound to the adsorbent and the 

amount of Cd(II) in solution remains constant even with further addition of the dose of 

adsorbent. 

 

5.1.5 Agitation speed 

Fig. 9 shows that about 77% of the cadmium ions were removed at shaking speed equal to 

200 rpm when the contact time at equilibrium and that Cd removal increases with the increase in 

shaking speed. There was gradual increase in metal ions removal when agitation speed was 

increased from 200 to 270 rpm at which about 99.5% of Cd ions have been removed at 

equilibrium time. These results can be associated to the fact that the increase in the agitation 

speed improves the diffusion of metal ions towards the surface of the adsorbent. Thus, proper 

contact is developed between metal ions in solution and the binding sites, which promotes 

effective transfer of sorbate ions to the sorbent sites. Fig. 9 also shows that optimum equilibrium 

was reached at the agitation speed of 270 rpm. Therefore, higher uptake of metal ions could be 

possible at this speed of agitation as it will assure that all the sites are made readily available for 

metal ions uptake. However, greater availability of functional groups on the surface of adsorbent, 

which is required for interaction adsorbent and Cd(II), significantly improved the binding 

capacity and the process proceeded rapidly. This result is important, as the agitation speed and, 

consequently, the equilibrium time is one of the important parameters for an economical 

contaminated water treatment system. 

 

 

5.2 Sorption Isotherms 

The Batch Equilibrium Technique (BET) is often used to determine the adsorption 

characteristics of various materials such as zeolite by plotting their adsorption isotherms. From 

the experimental results in Table 3, the amount of cadmium removed from the solution per gram 

of zeolite sample (mg/g) can be calculated as follows:  
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                                                                                                                    (18) 

 

The adsorption isotherms were produced by plotting the amount of heavy metal removed 

(adsorbed) from the heavy metal solution (qe in mg/g) against the equilibrium concentration of 

heavy metal in the solution (ce in mg/l) at constant temperature. The present data in Table 4 are 

fitted with linearized form of Langmuir model and the empirical coefficients a and b may be 

obtained by plotting ce/qe as a function of ce Fig. 10. Also the same data are fitted with linearized 

form of Freundlich model and the values of KF and n were determined from the slope and 

intercept of the linear plot of ln qe versus ln ce Fig. 11. 

This means that the values of empirical constant (a) and the saturation coefficient (b) are 

49.5mg/g and 0.29 l/mg respectively. The value of (a) is represented the amount of adsorbate 

adsorbed to form a monolayer coverage on the solid particles which related to the retention 

capacity of the adsorbent. On the other hand, the value of (b) is represented the Langmuir 

adsorption equilibrium constant. It is related to the binding energy between the adsorbent and the 

adsorbate.  Hence, The Langmuir isotherm equation will be; 

                                                                                                                                (19) 

Also, the values of Freundlich sorption coefficient (KF) and an empirical constant (1/n) are 

26.168 mg/g and 0.13349 respectively. Hence, the Freundlich isotherm equation will be; 

                                                                                                                   (20) 

The relationship between the adsorbed and the aqueous concentrations at equilibrium has 

been described by Langmuir and Freundlich isotherms models Eqs. (19) and (20). The 

comparison of the experimental values with the values of qe obtained by these models is shown 

in Fig. 12. As seen from this figure, the fitness between the experimental values and the 

predicted values using these models were generally very good for all two parameter isotherm 

models. However, it is clear that the Langmuir isotherm model provided the best correlation 

(coefficient of determination (R
2
) = 0.9887)

 
in compared with Freundlich isotherm model (R

2
 = 

0.9033) for cadmium adsorption on the zeolite. Accordingly, the Langmuir isotherm model was 

used to describe the sorption of solute on solid in the partial differential equation governed the 

transport of a solute undergoing equilibrium sorption through permeable reactive barrier in the 

continuous mode.  

The essential feature of the equation can be expressed in terms of dimensionless separation 

factor, Sf, defined as: 

 

                                                                                                                                   (21) 

 

The value of Sf indicates the shape of the isotherm to be unfavorable for Sf >1, linear for Sf =1, 

favorable for 0< Sf <1, or irreversible for Sf =0, Bulut, et al., 2008; Hadjmohammadi, et al., 

2011and  Plamondon, et al., 2011. The variation of Sf with the initial cadmium concentration of 

the solution is shown in Fig. 13. 

 

5.3 Longitudinal Dispersion Coefficient 
Results of the experimental runs concerned the measurement of longitudinal dispersion 

coefficient (DL) of soil and zeolite are summarized in Table 4. Measured values of DL versus 
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mean pore velocity (V) obtained with soil particles are shown in Fig. 14. While Fig. 15 shows 

the relationship between DL and V for zeolite particles. It is clear that the curves inclined with the 

horizontal axis. This suggests a linear relationship between the values of DL and V for sand soil 

and zeolite as follows: 

 

For soil,           R
2
=0.993                                                             (22) 

 

For zeolite,           R
2
=0.9393                                                           (23)     

                     

Eqs. (21) and (22) are taken the general form of longitudinal hydrodynamic dispersion 

coefficient as follows: 

 

                                                                                                                         (24) 

 

where αL is the longitudinal dispersivity (cm), τ is the tortuosity and Do is the molecular diffusion 

coefficient (cm
2
/s). For high velocities the first part dominates, which is the common situation in 

groundwater, although flow in aquifers is still rather slow compared to fluxes in other 

hydrological compartments. The proportionality factor between dispersion and velocity along a 

flow path line is given by the parameter αL, which has the physical dimension of [length]. One 

may also use the term dispersion length or longitudinal dispersivity. The subscript ‘L’ refers to 

longitudinal, as it is valid only in the direction of the flow. Tortuosity is a measure of the effect 

of the shape of the flow path followed by water molecules in a porous medium. It is calculated 

depended on the porosity of the medium (n) as follows:  

 

                                                                                                                                     (25) 

 

Archie (1942) reports values of m; 1.8–2 for consolidated sandstones, 1.3 for unconsolidated 

sand in a laboratory experiment, and 1.3–2 for partly consolidated sand. For theoretical or 

conceptual work the value m = 2 is considered, which may be justified if there is no further 

information as cited by, Holzbecher, 2007. The longitudinal dispersivity and the molecular 

diffusion coefficient can be calculated for sand soil and zeolite ,Table 5.   

 

5.4 Cadmium Transport and Adsorption Equations 
The equation describes the transport of cadmium through reactive permeable barrier 

undergoing equilibrium sorption Eq. (10) can be re-written as: 

  

                                                                                     (26) 

 

where c and qe are the solute concentrations in aqueous and on solid phases, t is the travel time, 

D is the hydrodynamic dispersion coefficient, V is the mean pore velocity, and z is the travel 

distance. The sorption of solute on solid is governed by Langmuir sorption isotherm. 

Combination of these two equations can be explained as:  

 

                                                                          (27) 

This equation can be simplified as: 
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                                                               (28) 

 

The effect of sorption is to retard the flow of this contaminant. The retardation factor for the 

Langmuir sorption isotherm, RL, is expressed in Eq.(29), where ρb is the bulk density of the 

adsorbent (g/cm
3
), nB is the porosity of the barrier (=0.34), b (=KL=0.29) the Langmuir 

adsorption constant related to the binding energy (l/mg) and a (=qmax=49.5) is the maximum 

amount of solute absorbed by the solid during the batch test (mg/g). Retardation is linked to the 

adsorption constant; a high value of RL will give a long retardation and an efficient barrier 

design. The retardation factor is often calculated to compare the relative migration in 

contaminant transport and PRB design: 

                                                                                                            (29) 

The results in Table 6 showed that retardation reduced with the increase in initial metal 

concentration, which is often found for other pollutants and adsorbents. A similar trend was 

found in field tests when studying lithium in a heterogeneous aquifer, Plamondon, et al., 2011.  

 

5.5 Model Verification 

Parameters and constants related to the sand soil and zeolite adopted for verification of model 

were evaluated, either through laboratory tests or through approximation using literature data 

Table 7. Porosity and bulk density were experimentally determined. The tortuosity factor (τ) for 

sand soil modeled was not determined experimentally, but a value of 0.51 for soil and 0.34 for 

zeolite were used in this study.  

Fig. 16 reports the concentration lines of cadmium in the aquifer at different values of 

contaminated groundwater flow rate after the time interval equal to 0.5 hr. without using PRB. It 

is clear from this figure that the propagation of contaminated plume is very fast and the time 

required for reaching the concentration of cadmium in the outlet of column to the constant 

concentration applied to the lower boundary (i.e., 50 mg/l) is not exceeded 1 h. Also, it seems 

that the increased value of flow rate will increase the velocity of flow for same cross sectional 

area of soil specimen and, consequently, this will increase the velocity of cadmium plume 

propagation. The concentration of the contaminated plume reaching the outlet may attain 

concentration levels higher than 20 mg/l and largely above the 0.005 mg/l quality limit 

prescribed for surface waters or drinking water, Di Natale, et al., 2008. 

After the introduction of the PAB Fig. 17, the contaminant plume is hindered by the zeolite 

and the cadmium concentration level reaching the outlet is around zero after 24 hour for different 

values of contaminated groundwater flow rate (i.e., 5, 10 and 15 cm
3
/min). It is clear from this 

figure in comparison with Fig. 16 the important role of zeolite barrier in restriction the 

propagation of contaminant plume. However, the barrier starts to saturate with increasing the 

travel time as shown in the Fig. 18. This means that the cadmium retardation factor was reduced, 

indicating a decrease in percentage of zeolite functionality for cadmium retardation. This 

explains the increase of effluent concentration of cadmium from RPB with increased the travel 

time. 

Many values of zeolite depths such as 10 and 15 cm are applied using numerical model 

developed here. For column configuration adopted in the present study, the results proved that 

the depth of zeolite not have any significant effect on distribution of contaminant concentration 

through the barrier for a given value of flow rate. This means that the equilibrium state was 

achieved during short period in spite of the optimum contact time calculated from batch tests was 

60 min. Accordingly, the zeolite depth applied in the continuous tests was 5 cm. 
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Comparisons between the predicted and experimental results for cadmium concentration 

during the migration of the contaminant plume for simulated problem adopted here at different 

time intervals for specified flow rate are depicted in Fig. 19. A reasonable agreement between 

these results can be observed. These concentrations seem to be almost identical however they are 

slightly different. The highest percentage of difference encountered between the predicted and 

experimental concentrations was not exceeded ±20%. However, any variation between the model 

predictions and experimental results could be attributed to the many causes such as neglecting 

the salts (such as calcite or carbonate…etc.) adsorption and their adsorption competition with the 

cadmium over the solid surface (soil and zeolite). The retardation factor of the contaminant on 

the soil particles assumed equal to 1, i.e. there is no adsorption, in the present study. Also, the 

competition between the dissolved salts in the groundwater from soil and cadmium are not 

considered in the present mathematical modeling. 

 

6. CONCLUSIONS 

1) The interactions between cadmium ions and zeolite have been investigated. The batch 

results indicated that several factors such as adsorption or equilibrium time, initial pH of the 

solution, initial metal ion concentration, resin dose and agitation speed affect the adsorption 

process. However, the optimum values of these factors will achieve the maximum removal 

efficiency of Cd
+2

 were 1 hr., 6.5, 50 mg/l, 0.25 g/100 ml, and 270 rpm respectively. 

2) The adsorbed amount of cadmium ions can be: 

 Increased with increasing pH of the solution up to pH equal to 6.5. However, further 

increase in pH values would cause a decreasing in removal efficiency. This may be 

attributed to the formation of negative cadmium hydroxides Cd(OH)2ˉ which are 

precipitated from the solution making true sorption studies impossible. 

 Decreased with increasing of initial concentration up to 200 mg/l and beyond this value, 

there is not a significant change at the amount of adsorbed metal ions. This plateau 

represents saturation of the active sites available on the zeolite samples for interaction 

with metal ions. 

 Increased with increasing adsorbent dosage from 0.15 g to 0.25 g for a fixed initial metal 

concentration. This was expected due to the fact that the higher dose of adsorbents in the 

solution, the greater availability of exchangeable sites. 

 Increased with increasing agitation speed from 200 to 270 rpm at which about 99.5% of 

Cd ions have been removed at equilibrium time. These results can be associated to the 

fact that the increase in the agitation speed improves the diffusion of metal ions towards 

the surface of the adsorbent. Thus, proper contact is developed between metal ions in 

solution and the binding sites, which promotes effective transfer of sorbate ions to the 

sorbent sites. 

3) The experimental equilibrium data obtained were applied to the Langmuir and Freundlich 

isotherm equations to test the fitness of these equations. The experimental data for cadmium 

sorption on the zeolite were correlated reasonably well by the Langmuir adsorption isotherm 

with coefficient of determination (R
2
) equal to 0.9887 in compared with Freundlich isotherm 

model (R
2
 = 0.9033). Consequently, the isotherm parameters (qmax and KL) have been calculated 

and they are equal to 49.5 mg/g and 0.29 l/mg respectively. 

4) The dimensionless separation factor (Sf) showed that ion exchange of cadmium ions on 

zeolite is favorable. The values of Sf are decreased with increasing of initial cadmium 

concentration. This indicates that ion exchange is more favorable for the higher initial 

concentration in compared with lower concentration.  
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5) A 1D numerical model is used to describe pollutant transport within groundwater and the 

pollutant adsorption on the PRB. The model is applied to a given problem where a PRB is used 

to restrict the migration of pollutant dissolved in an inflowing groundwater contaminated by the 

mobilization of Cd(II). Numerical results showed that the PRB starts to saturate after a period of 

time (~120 hr) due to reduce of the retardation factor, indicating a decrease in percentage of 

zeolite functionality. However, a reasonable agreement between model predictions and 

experimental results of the total concentration distribution of Cd
2+

 species across the soil bed was 

recognized. 
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Figure 1. Elemental control volume for mass flux, Reddi and Inyang, 2000. 
   

 
 

Figure 2. Conceptual model of a contaminant plume passing through a permeable reactive 

barrier. 
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Figure 3. Scheme of spatial and temporal discretization, Faisal, 2006. 
   

 

 
 

Figure 4. Experimental set-up of column test used in the present study. 
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Table 1. Composition and properties of the soil used in the present study. 

Property Value 

Particle size distribution (ASTM D 422) 

Sand (%) 

Silt (%) 

Clay (%) 

 

90 

10 

- 

Hydraulic conductivity    (or coefficient of permeability) (cm s
-1

) 1.54x10
-4

 

Cation exchange capacity  (meq/100 g) 1.56 

pH 7.5 

Organic content         (ASTM D 2974) (%) 0.26 

Bulk density (g/cm
3
) 1.29 

Porosity (nA) 0.51 

Soil classification Sand 

  

Table 2. Composition and physico-chemical properties of zeolite. 

Property Percentage (%) 

SiO2 34.48 

Al2O3 29.94 

L.O.I 15.05 

Na2O 13.40 

CaO 2.52 

TiO2 1.70 

Bulk density (g/cm
3
) 0.58 

Particle density (g/cm
3
) 1.2 

Porosity (nB) 0.34 

Surface area (m
2
/g) 1000 

Cation exchange capacity  (meq/100 g) 1.8 
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Figure 5. Removal efficiency of cadmium on zeolite as a function of contact time (pH= 6.5; co= 

50 mg/l; dose=0.25 g; speed= 270 rpm; T= 25±1
o
C). 
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Figure 6. Effect of initial pH on removal efficiency of cadmium on zeolite as a function of 

contact time (co= 50 mg/l; dose=0.25 g; speed= 270 rpm; T= 25±1
o
C). 
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Figure 7. Effect of initial concentration on removal efficiency of cadmium on zeolite (pH=6.5; 

dose=0.25 g; speed= 270 rpm; contact time=1 h; T= 25±1
o
C). 
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Figure 8. Effect of resin dosage on removal efficiency of cadmium (co=50 mg/l; pH=6.5; speed= 

270 rpm; contact time=1 h; T= 25±1
o
C) 
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Figure 9. Effect of agitation speed on removal efficiency of cadmium as a function of contact 

time (co=50 mg/l; pH=6.5; resin dose= 0.25 g/100 ml; T= 25±1
o
C) 

 

Table 3. Experimental equilibrium data of cadmium on zeolite resin (pH=6.5; resin dose= 0.25 

g/100 ml; agitation speed= 270 rpm; contact time=1 h; T= 25±1
o
C). 

Initial Con. (co) 

(mg/l) 

Equilibrium Con. (ce) 

(mg/l) 

Sorbed Con. (qe) 

(mg/g) 

50 0.255 19.9 

100 4.22 38.3 

150 46.26 41.5 

200 88.66 44.5 

250 122.93 50.8 
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Table 4. Measured values of the longitudinal dispersion coefficient for used mediums as a 

function of mean pore velocity.  

Sand Soil 
V (cm/s) 0.00903 0.01806 0.02709 

DL (cm
2
/s) 0.490 0.567 0.670 

Zeolite 
V (cm/s) 0.0135 0.0270 0.0406 

DL (cm
2
/s) 0.199 0.53 0.66 

 

 

 

0 20 40 60 80 100 120 140

Ce (mg/l)

0.0

0.5

1.0

1.5

2.0

2.5

C
e/

qe
 (g

/l)

Ce/qe= 0.0202 Ce + 0.0696
R-squared = 0.9887

 
Figure 10. Langmuir isotherm for ion exchange of cadmium on zeolite (pH=6.5; resin dose= 

0.25 g/100 ml; agitation speed= 270 rpm; contact time=1 h; T= 25±1
o
C). 
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Figure 11. Freundlich isotherm for ion exchange of cadmium on zeolite (pH=6.5; resin dose= 

0.25 g/100 ml; agitation speed= 270 rpm; contact time=1 h; T= 25±1
o
C). 
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Figure 12. Comparison of the experimental results with the qe values obtained by two isotherm 

models for Cd
2+

 removal by zeolite. 
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Figure 13. Variation of adsorption intensity with initial cadmium concentration on zeolite resin. 

 

Figure 14. Longitudinal dispersion coefficient versus mean pore velocity relation for sand soil. 
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Figure 15. Longitudinal dispersion coefficient versus mean pore velocity relation for zeolite 

resin. 
 

 

 

Table 5. Calculated values of the longitudinal dispersivity and molecular diffusion coefficient 

for used mediums as a function of mean pore velocity.  

Sand Soil 
V (cm/s) 0.00903 0.01806 0.02709 

αL (cm) 9.96678 9.96678 9.96678 

Zeolite 
V (cm/s) 0.0135 0.0270 0.0406 

αL (cm) 17.0019 17.0019 17.0019 

 

 

 

Table 6. Calculated values of retardation factor dependent on Langmuir sorption isotherm. 

 Initial Con. (co) (mg/l) Equilibrium Con. (ce=ccdB) (mg/l) RL 

50 0.255 13883 

100 4.22 3238 

150 46.26 78 

200 88.66 23 

250 122.93 13 
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Table 7. Summary of PRB application example parameters. 

Item Parameter 
Value or 

description 

Aquifer 

characteristics 

Aquifer bed depth 

before barrier (cm) 
45 

Aquifer bed depth after 

barrier (cm) 
15 

Porosity of aquifer (nA) 0.51 

Longitudinal 

dispersivity (αL, cm) 
9.96678 

Bulk density (g/cm
3
) 1.29 

Particle density (g/cm
3
) 2.65 

PRB 

characteristics 

Adsorbing medium zeolite 

Barrier bed depth (cm) 5 

Porosity of barrier (nB) 0.34 

Longitudinal 

dispersivity (αL, cm) 
17.0019 

Bulk density (g/cm
3
) 0.58 

Particle density (g/cm
3
) 1.2 

Numerical model 

parameters 

Number of nodes 65 

Time step size (min) 0.001 

Initial  concentration of 

Cd
+2

 (mg/l) 
zero 

Boundary 

conditions 

Concentration of Cd
+2

 

@ z=0 (mg/l) 
50 

 at z0=65 cm zero 
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Figure 16. Cadmium concentration distribution in the groundwater along the length of the soil 

column without using PRB after 0.5 hr. 
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Figure 17. Cadmium concentration distribution in the groundwater along the length of the soil 

column with using PRB after 0.5 hr. 
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(B)
Flowrate=10 cubic cm/min 

Travel time=0.5 hr

Travel time=24 hr

Travel time=48 hr

Travel time=120 hr
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   (C)
Flowrate=15 cubic cm/min

Travel time=0.5 hr

Travel time=24 hr

Travel time=48 hr

Travel time=120 hr

 

 

Figure 18. Cadmium concentration distribution in the groundwater along the length of the soil 

column with using PRB at different time intervals for flow rate equal to (A) 5, (B) 10, (C) 15  



Dr. Ayad Abdulhamza Faisal 

Zaman Ageel Hmood 
Modeling and Simulation of Cadmium Removal from 

the Groundwater by Permeable Reactive Barrier 

Technology 

 

159 

 

cm
3
/min. 

 

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Distance from the bottom of column (cm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
o

rm
al

iz
ed

 c
o

n
ce

n
tr

at
io

n
 o

f 
ca

d
m

iu
m

 

 (A)
Travel time=5 hr

Flowrate=5 cubic cm/min (Model)

Flowrate=5 cubic cm/min (Experiment)

Flowrate=10 cubic cm/min (Model)

Flowrate=10 cubic cm/min (Experiment)

Flowrate=15 cubic cm/min (Model)

Flowrate=15 cubic cm/min (Experiment)

 

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Distance from the bottom of column (cm)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 c
on

ce
nt

ra
tio

n 
of

 c
ad

m
iu

m
 

 (B)
Travel time=15 h

Flow rate=5 cubic cm/min (Model)

Flow rate=5 cubic cm/min (Experiment)

Flow rate=10 cubic cm/min (Model)

Flow rate=10 cubic cm/min (Experiment)

Flow rate=15 cubic cm/min (Model)

Flow rate=15 cubic cm/min (Experiment)

 
 

Figure 19. Comparison between model predictions and experimental results for Cd
+2

 

concentrations in groundwater for travel time equal to (A) 5 hr and (B) 15 hr. 
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ABSTRACT 

A solar cell was manufactured from local materials and was dyed using dyes extracted from different 

organic plants. The solar cell glass slides were coated with a nano-porous layer of Titanium Oxide 

and infused with two types of acids, Nitric acid and Acetic acid. The organic dyes were extracted 

from Pomegranate, Hibiscus, Blackberry and Blue Flowers. They were then tested and a comparison 

was made for the amount of voltage they generate when exposed to sunlight. Hibiscus sabdariffa 

extract had the best performance parameters; also Different plants give different levels of voltage. 

 

Keywords: photovoltaic, photo cell, organic cells, organic photo dyes, renewable energy 

 

 تصنيع خلية شمسية عضوية مع مقارنة  اصباغ عضوية مختلفة

سفغسان لؤي يو  
  جاهعت بغذاد/ كلٍت الهٌذست / قسن الوٍكاًٍك

 

 الخلاصة

هستخرجت هي الٌباتاث الععىٌت الوختلفت. وقذ تن غلاء الشرائح وقذ تن غلائهن باصباغ تن تصٌٍع الخلاٌا الشوسٍت هي هىاد هحلٍت 

هع ًىعٍي هي الأحواض، وحوط الٌٍترٌك  تن هزجهاكسٍذ التٍتاًٍىم والتً وأبالزجاجٍت الخلاٌا الشوسٍت هع غبقت ًاًى الوساهٍت 

إجراء  هع والزهىر الزرقاء. ثن تن اختبارها  و التىث البريوحوط الخلٍك. تن استخراج الأصباغ الععىٌت هي الرهاى، الكركذٌه، 

داء كاى لٌباث عي تعرظها لاشعت الشوس.  الٌباتاث الوختلفت لهن كفاءاث هختلفت و افعل ا التً تىلذها فرق الجهذهقارًت لكوٍت 

 الحاوي على صبغت "سابذارٌفا" الكركذٌه

تسٍت , الخلاٌا الععىٌت , الخلاٌا الشوسٍت , الخلاٌا الفلطائٍوالخلاٌا الععىٌت الش الكلمات الرئسية :   ,الطاقت الوتجذدة  
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1. INTRODUCTION 

A solar cell is an electronic device that produces electricity when light falls on it.  The light is 

absorbed and the cell produces dc voltage and current.  The device has a positive and a negative 

contact between which the voltage is generated and through which the current can flow.   

L.u.Okoli et. al.2011,  performed a study on the performance of the Anthocyanin dye which  

is an extract from hibiscus sabdariffa which is an edible plant called zobo by Nigerians. He found 

that the photo conversion efficiency of the cell fabricated with the local dye is not poor when 

compared with the result of the Ruthenium-stained cell and other existing results.  

 Jill Johnsen 2006, used Blackberry juice Titanium oxide (TiO2) as a light absorber and the 

oxidization of water (to produce oxygen, hydrogen, and electrons) replaces the I-/I3 - cycle, 

replenishing the electrons released from chlorophyll. Ultimately, carbon dioxide acts as an electron 

acceptor, resulting in the fixing of carbon dioxide.  

 Khwanchit Wongcharee et.al 2006, fabricated solar cells by using natural dyes extracted 

from rosella, blue pea and a mixture of the extracts. The light absorption spectrum of the mixed 

extract contained peaks corresponding to the contributions from both rosella and blue pea extracts. 

However, the mixed extract adsorbed on TiO2 does not show synergistic light absorption and 

photosensitization compared to the individual extracts. The Dye-Sensitized Solar Cells (DSSCs) 

efficiency that used ethanol as an extracting solvent was found to be diminished after being exposed 

to the simulated sunlight for a short period. 

Brian A. Gregga et al 2003,   compared between organic and inorganic photovoltiacs.he concluded 

that The photoinduced generation of a free electron and hole in OPV cells is simultaneous with, and 

identical to, the initial separation of the electron from the hole across the interface. This is a 

fundamental mechanistic difference relative to conventional solar cells, in which generation and 

separation are two spatially and temporally distinct processes 

For a PV cell to function, light must be absorbed and converted to electrons. This feat is 

accomplished by the anthocyanin, which has a molecular structure that acts like a photon antenna. 

As light is collected, the molecule enters an excited state whereby it dumps an electron wherever it 

can to relieve this “excitement”. The electron is harnessed by attaching the anthocyanin to a 

semiconductor, titanium dioxide. Titanium dioxide, also known as titania, is one of the most 

common oxide compounds on Earth. Anthocyanins, as well as other inorganic compounds, attach 

themselves very well to titania due to a number of hydroxyl (-OH) bonds on both the titania and the 

dye. When electrons are produced by the dye, they conduct themselves through the molecule and 

into the titania. As long as the titania film is bound to a conductive surface, these electrons can be 

harnessed to do useful work, such as power a light bulb. As the adage goes, however, something 

cannot be got for nothing. The dye molecule cannot produce an endless supply of electrons and they 

must be regenerated. By using an electron donor, or redox electrolyte, the electrons are supplied back 

to the dye. Of course, this electrolyte does not have an unlimited supply of electrons either. The 

electrolyte receives its electrons from the return of the dye-generated electrons that were sent 

through the circuit. This cycle is important- electrons are never “used up” or destroyed, the power is 

just used to do some amount of work. This whole device: dye, titania, and electron donor complex 

creates what is known as a dye-sensitized solar cell, or DSSC. This type of cell was “invented” and 
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published by Michael, Grätzel in the journal Nature in 1991, but nature itself has been performing 

this same process for millennia in plants by using chlorophyll. Smestad, G. P et.al 

2.EXPERIMENTAL WORK 

The Fig. 1 shows how an organic solar cell works and in order to manufacture one the following 

steps are taken: 

2.1 Preparing the ITO Slides 

 

1. The ITO glass strips( 5 x 4 )cm were extracted from used mobile phones since their screens are 

manufactured from ITO glass i.e. that one side is electrically conductive. 

2.  Identify the conducting side of a tin oxide-coated piece of glass by using a MultiMate to measure 

resistance.  

3. The conducting side will have a resistance of 20-30 ohms.  

4. With the conducting side up, tape the glass on three sides using one thickness of tape. Wipe off 

any fingerprints or oils using a tissue wet with ethanol 

 

2.2   Preparing the TiO2 Paste 

Grind about 0.5 gram of nanocrystalline titanium dioxide (TiO2) in a mortar and pestle with a few 

drops of very dilute nitric acid. Alternate grinding and addition of a few drops of very dilute nitric 

acid until you obtain a colloidal suspension with a smooth consistency, somewhat like latex paint or 

cake icing, as shown in Fig 2. 

 

2.3 Applying the Film 

1.  Add a small amount of titanium dioxide paste and quickly spread by pushing with a microscope 

slide before the paste dries. The tape serves as a 40-50 micrometer spacer to control the thickness of 

the titanium dioxide layer as show in Fig 3. 

 

2.  Wait couple of minutes for the coat to dry. Carefully remove the Scotch tape border. 

3.  Heat the coated glass strip gently until the wet paste dry’s off and then gradually cool it off; So 

that it does not crack  

 

2.4 Preparing the Dye 

1.  Prepare a couple of grams of blackberries and crush the in a glass container. The crushed juice 

slurry is then filtered with a filter funnel.  

2.  Put the coated face of the ITO glass strip on the blackberry juice that was just prepared and leave 

it for a couple of minutes so that it can soak up the juice, as shown in Fig 4. 

3.  After 10-15 minutes, gently rinse the coated ITO glass strip with distilled water followed by 

alcohol. This will represent the Anode electrode.  

 

 

 

 



Ghassan Luay Yusif Manufacturing an Organic Solar Cell  

and Comparing with Different Dyes 

 

163 

 

2.5  Preparing the Cathode Electrode  

Light a candle, and tip the conductive side of the second piece of ITO glass strip at an angle so 

that it can collect soot from the candle as shown in Fig 5. The graphite from the soot functions as a 

cathode then an electrolyte is injected to the assembly.  

 

2.6 Assembling the Solar Cell 

 

Place the cathode with the soot face up on the table. Place a couple of drops of Iodine 

(electrolyte) on the anode and the place the anode electrode on top of it, as shown in Fig 6. And hold 

the two pieces of glass strips together with a rubber band or clamps. 

The photovoltaic cell is now functional and all it needs to produce electricity is to be exposed to 

sunlight  as shown in Fig.7. 

The same procedure was performed in making the solar cells for all the other dyes that were 

used in this research and they were: Hibiscus, Pomegranate, Black berry and the blue flower. Then 

another type of solar cell as made similar to the first except instead of using Nitric acid with the 

TiO2, Acetic acid was used. Then their voltages were measured that was produced under two types of 

acid used and the types of dyes for each of the two sets of cells. 

 

3. DISCUSSION and CONCLUSION 

 

The highest voltage was generated by hibiscus it reached its peak after 15 minutes; Table 1; and 

then started to descend in voltage. The reason is owed to the probability that some of the dye and 

electrolyte evaporated due to the sunlight heat this is one of the drawbacks and disadvantages of 

open organic cells.  

The lowest value was generated by the pomegranate; Table 1; this is due to that is was slightly 

more diluted than the rest of the dyes. All the dyes started at a low value and started to build up 

between 9 and 21 minutes. From Table 2  find the pomegranate dye together with the blackberry dye 

produce more voltage than when nitric acid as used. 

       The voltage generated in the photovoltaic is due to that all of the extracted organic dyes have a 

compound known as “Anthocyanins “which is considered as a photo sensitizer. NEHA M. 

NATARAJ et. al. 2012. 

        Hibiscus sabdariffa extract has the best performance parameters, it corresponds to anthocyanins, 

because the chemical adsorption of these dyes occurs due to the condensation of alcoholic-bound 

protons with the hydroxyl groups on the surface of nanostructure TiO2 .Jude O. Ozuomba1  et. al. 

2013. The reason behind the fact that the different dyes gave different levels of voltages is that they 

have different Ph concentration levels and thus the higher the acidity (the lower the Ph) the higher 

absorption of thelight wave length will be and thus a higher photo voltage will result. From this 

research it can be concluded the following: 

1. It is possible to generate voltage from organic dyes. 

2.Different plants give different levels of voltage 
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Figure.1 How a photochemical solar cell works Gavin D.J.Harper 200. 

     

 

                                                    

Figure 2. Preparing the TiO2 paste. 
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                                         Figure3. Applying the film  of TiO2  to the ITO glass.  

 

 

 

     

Figure 4: Applying the dye to the TiO.2.    Figure 5. Applying the soot to the 2
nd

 ITO slide. 

 

        

                    Figure 6. Applying the Iodine      Figure 7. The solar cell subjected to a light   source. 

                                   Electrolyte.        
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Table 1. Different organic dyed solar cells 

 in which nitric acid 10% was mixed with the TiO2. 
 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Different organic dyed solar cells in which acetic acid 4-6 % was mixed with the Ti. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time(min) 
Pomegranate 

mV 
Black 
berry 

mV 

Hibiscus 
mV 

Blue 
Flower 

mV 

0 2 74 130 125 

3 40 66 120 117 

6 35 52 148 126 

9 29 47 155 137 

12 18 42 153 136 

15 19 35 147 134 

18 18 32 141 137 

21 16 30 130 138 

24 10 26 129 136 

27 9 26 127 138 

30 6 25 123 135 

Time 
min Pomegranate Blackberry Hibiscus 

Blue 
Flower 

0 212 103 145 147 

3 182 114 88 110 

6 180 124 58 88 

9 162 125 39 106 

12 152 117 49 98 

15 139 123 48 92 

18 127 110 56 86 

21 115 114 29 78 

24 116 120 35 81 

27 112 127 41 75 

30 105 125 47 71 
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Figure 8. The different voltages generated in a time span of 30 minutes using in which Nitric 

acid was mixed with the TiO2. 

 
 

 

Figure 9.  The different voltages generated in a time span of 30 minutes using in which 

acetic acid 4-6 % was mixed with the TiO2. 
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ABSTRACT 

 

The catalytic wet air oxidation (CWAO) of phenol has been studied in a trickle bed reactor 

using active carbon prepared from date stones as catalyst by ferric and zinc chloride 

activation (FAC and ZAC). The activated carbons were characterized by measuring their 

surface area and adsorption capacity besides conventional properties, and then checked for 

CWAO using a trickle bed reactor operating at different conditions (i.e. pH, gas flow rate, 

LHSV, temperature and oxygen partial pressure). The results showed that the active carbon 

(FAC and ZAC), without any active metal supported, gives the highest phenol conversion. 

The reaction network proposed accounts for all detected intermediate products of phenol 

oxidation that composed by several consecutive and parallel reactions. The parameters of the 

model estimated using experimental data obtained from a continuous trickle bed reactor at 

different temperatures (120-160 C) and oxygen partial pressures (8-12 bar). Simple power 

law as well as Langmuir-Hinshelwood (L-H) expressions accounting for the adsorption 

effects were checked in the modeling of the reaction network. A non-linear multi-parameter 

estimation approach was used to simultaneously evaluate the high number of model 

parameters. Approach by simple power law only succeeds in fitting phenol disappearance. 

Instead, when L-H expressions are incorporated for the intermediate reaction steps, the model 

accurately describes all the experimental concentration profiles, giving mean deviations 

below 10%. 

 

Key words: oxidation, trickle bed, phenol, wastewater, catalytic wet air oxidation. 

 

باستخذاو انكاربىن انمىشظ انمحضر مه وىي انتمر: دراسة عمهية  سيحياكسذة انفيىىل في مفاعم 

 وحركية

 
 أ.و.د. ودود طاهر محمذ

 جامعة بغذاد –كهية انهىذسة 

 

 انخلاصة

 

كعبيم ببسخخذاو انكبربىٌ انًُشظ  سُذٍحى اسخخذاو الاكسذة انزطبت بىجىد انعبيم انًسبعذ فٍ اكسذة انفُُىل فٍ يفبعم 

 (.ZAC, FACيٍ َىي انخًز ببسخخذاو كهىرَذ انذذَذ وانشَك كًُشطبث ) يسبعذ وانذٌ حى حذضُزِ

الايخشاس ببلاضبفت انً انفذىصبث  وسعتحى اجزاء عذة فذىصبث عهً انكبربىٌ انًُشظ انًذضز يُهب انًسبدت انسطذُت 

 pHانخقهُذَت. ثى حى اخخببر انعبيم انًسبعذ فٍ حقُُت الاكسذة انزطبت نهفُُىل حذج ظزوف يخخهفت )يُهب درجت انذبيضُت 

نذزارة وضغظ الاوكسجٍُ انجشَئٍ(. اظهزث انُخبئج اٌ انكبربىٌ ويعذل جزَبٌ انغبس ويعذل جزَبٌ انسبئم ودرجت ا

 ( وبذوٌ اٌ يبدة يُشطت اضبفُت اعطج َسبت حذىل نهفُُىل كبُزة جذاً.ZAC, FACانًُشظ )

شبكت انخفبعلاث انًقخزدت يٍ خلال انًزكببث انىسطُت انُبحجت يٍ اكسذة انفُُىل حضًُج بعض انخفبعلاث انًخخبنُت وانخٍ 

انًسخًز حذج  انسُذٍهُهب يٍ انًفبعم انًىدَم ببسخخذاو انبُبَبث انعًهُت انخٍ حى انذصىل ع يعبيلاثآَُبً. حى اَجبد  جزث

(. قبَىٌ الاص انبسُظ وعلاقت bar 12-8( وضغظ الاوكسجٍُ انجشَئٍ )C 160-120ظزوف درجت دزارة )

mailto:dr.wadood@yahoo.com
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Lanymuir-Hinshelwood  قذ اسخخذيج فٍ اَجبد حأثُز الايخشاس عهً شبكت انخفبعلاث. حقُُت انخخًٍُ غُز انخطُت نعذة

يخغُزاث قذ اسخخذيج لاَجبد انعذَذ يٍ انًخغُزاث آَُبً. وقذ وجذ اٌ قبَىٌ الاص انبسُظ َجخ فٍ وصف حذىل انفُُىل بًُُب 

 %.91ذل اَذزاف اقم يٍ ( يع قبَىٌ الاص وصفج انخفبعلاث انىسطُت بُجبح ويعL-Hعلاقت )

 

1. INTRODUCTION 

 

Recently, increasingly stringent regulations require ever more treatment of industrial 

effluents to generate better quality product waters that can be more easily reused or 

disposed of without negative effects to the environment. 

A wide range of treatment technologies is being developed and optimized for many 

applications in different industries. In the last few years, catalytic wet air oxidation 

(CWAO) represents an interesting technique to treat wastewater pollution. CWAO 

uses molecular oxygen as oxidizing agent and operates commonly at temperatures of 

403-523 K and pressures of 10-50 atm [Santiago, et al., 2005, Quintanilla, et al., 

2007]. 

Trickle bed reactors (TBR), which are catalytic packed fixed-bed tubular devices 

traversed vertically downwards by a gas-liquid stream, are used in different 

industrially important three-phase catalytic reactions such as in wastewater treatment, 

in petroleum (hydrodesulfurization, hydro-denitrogenation, etc.), and different 

chemical areas (hydrogenation, reactive animation, liquid phase oxidation, etc.), in 

biochemical, and electrochemical processing [Nigam, et al., 2002]. 

In view of the importance of the gas-liquid mass transfer resistance, Tukac, et al., 

2001, have experimentally studied the effect of catalyst wetting for phenol CWAO 

and concluded that incomplete wetting facilitates oxygen transfer through direct 

contact between gas and solid. Their results are, however, in contrast with simulations 

of Larachi, et al., 2001, and Iliuata and Larachi, 2001, showing that complete 

wetting is more advantageous. This discrepancy is caused by the fact that typical 

CWAO operating conditions fall in the transition region between gas-limited and 

liquid-limited reactant. Besides catalyst wetting, internal diffusion limitations can also 

significantly affect reactor performance. 

Because of its unique properties, activated carbon (AC) has been extensively used not 

only as an adsorbent but also as a catalyst support or even a direct catalyst 

[Rodriguez-Reinoso, 1998]. In particular, AC has often been used as a support for 

active metals dedicated to CWAO [Hu, et al., 1999, Trawczynski, 2003, and 

Gomes, et al., 2003]. It is also well known that AC alone can perform as true catalyst 

for several reactions [Coughlin, 1969, Pereira, et al., 2000]. However, the potential of 

AC, in the absence of an active metal, as direct catalytic material for CWAO has only 

been recently proved for the destruction of phenol and other bioxenotic organic 

compounds [Fortuny, et al., 1998, Sautos, et al., 2002]. It is noticeable that it 

performs better than other supported catalysts based on transition metals [Matatov-

Meytal, and Sheintuch, 1998]. This better performance could be due to the phenol 

adsorption capacity of the AC that may enhance the oxidation environment 

conditions. Nevertheless, the performance of different ACs can be significantly 

different [Fortuny, et al., 1999], which strongly suggests that not only adsorption but 

also other specific characteristics of the ACs affect their behavior in CWAO. In all the 

above studies using AC, the only compound tested was phenol and less attention was 

devoted to other reluctant organic compounds, even using metal supported catalyst 

[Suarez-Ojeda, 2005]. 
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Kinetic studies of CWAO  over AC are very scarce in the literature [Eftaxias, et 

al., 2005]. Some oxidation tests have been carried out in batch reactors with its 

characteristically high liquid to solid (catalyst) ratio. In the case of phenol and 

phenolic compounds that exhibit a high polymerization potential, fast catalyst 

deactivation occurred in batch oxidation. This was most likely due to the formation of 

condensation products in the liquid phase and their subsequent desorption on the AC 

surface [Stuber, et al., 2001]. Fixed bed reactors (FBR), and particularly trickle bed 

reactors, providing a low liquid-to-solid ratio have therefore been adopted as a 

suitable solution [Maugans and Akgerman, 2003]. However, kinetics obtained in 

batch systems cannot be successfully used for TBR design and almost no information 

is available for the latter operation regime. 

Hence, to properly design and operate industrial CWAO units, the kinetics and 

catalytic performance of AC need to be found in continuous reactor system. 

The aim of this work was to prepare activated carbon from date stones by ferric 

chloride activation (FAC) and zinc chloride activation (ZAC) and examine them as 

catalysts for oxidation of phenol in small-scale TBR at different operating conditions 

(i.e. feed solution pH, gas flow rate, LHSV, temperature and oxygen partial pressure). 

It was an aim also to develop a realistic kinetic model to meet the process in a wide 

range of oxygen partial pressure and temperature. 

 

2. KINETIC MODELING 

 

2.1 Reactor Mass Balance 

 

The small-scale TBR used for the kinetic study was modeled according to the 

following assumptions: 

 Absence of mass transfer limitations. 

 Isothermal and isobaric operation. 

 Constant oxygen partial pressure throughout the reactor. 

 Ideal plug flow to describe TBR behavior [Froment, et al., 1999]. 

Then, the one-dimensional model can be written in terms of space-time in the 

following way: 

 

1


R
d

dC
          (1) 

 

Where C is the concentration vector,   the space-time (  = catalyst mass / liquid mass 

flow rate), R the net production rate vector and    is the liquid density, supposed to be 

constant during the experiment. Each component of R corresponds to the net 

production rates of the respective species. 

 

2.2 Kinetics Equations 

 

2.2.1 Power law expressions 

 

Fortuny et al., 1999, described phenol destruction from the same experimental data set 

using a simple power law expression. Therefore, it seemed reasonable to extend the 
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kinetic modeling to the rest of the reaction network in terms of power law kinetics. 

The kinetic expression employed was 

 

phapCKr           (2) 

 

With 

 



2O
a

oap P
RT

E
expKK 








        (3) 

 

  being the reaction order with respect to oxygen. 

The above expression for      was modified to incorporate the oxygen mole fraction 

in the liquid phase,    
 

, instead of the partial pressure, leading to 

 



2O
a

oap x
RT

E
expKK 








        (4) 

 

This was done because the reactions actually take place in the liquid phase. Thus, the 

solubility of oxygen characterizes the oxygen contribution to the kinetic expression 

rather than the oxygen partial pressure. Furthermore, the oxygen solubility is not only 

a function of pressure but also of temperature. Therefore, the oxygen mole fraction in 

the liquid phase was considered to be more representative. This mole fraction was 

calculated using Henry law [Himmelblau, 1960], this is given by equation, 

 

222 OOO xHP           (5) 

  

The rate form expressed by Eq. (4) was extended to the rest of the reactions in the 

network. 

 

2.2.2 Langmuir-Hinshelwood (L-H) kinetics 

 

The use of L-H expressions was also considered, as they are based on a more realistic 

description of a heterogeneous catalytic reaction mechanism. The expressions derived 

assume competitive adsorption of organic species on the same active sites of the 

catalyst. Then, the rate equation becomes 

 




j

jj

ii
i,api

CK

CK
Kr

1
        (6) 

With j running over the adsorbed species. Obviously, the adsorption constant    in the 

nominator corresponds to the reacting compound. The rate parameter     is of the 

same form as in the power law, Eq. (4), whereas the adsorption constant K presents 

the form 

 













RT

H
expKK

j

ojj


       (7) 
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   being the heat of adsorption. This type of L-H expressions is similar with that 

used in study for CWAO modeling [Eftaxias, et al., 2001]. We considered a model 

where phenol destruction follows simple power law kinetics and the rest of the 

reactions are better represented by L-H expressions. 

In order to fit the model to the experimental data, a non-linear multiparameter 

estimation approach was followed. Thus, all parameter (i.e. frequency factors, 

activation energies, reaction orders with respect to oxygen, heat of adsorption and 

adsorption pre exponential factors) were evaluated simultaneously. The algorithm 

used in this study is described by Goffe, et al., 1994. 

 

3. EXPERIMENTAL WORK 

 

3.1 Materials 

 

Date stones were used as the precursor for the preparation of activated carbon. The 

date stones were first washed with deionized water to get rid of impurities, dried at 

100 C for 24 h, crushed using disk mill, and sieved to get a function with average 

particle size of 2 mm. Ferric chloride and zinc chloride have been purchased from 

Aldrich with purities of 99.9% were used as chemical reagents for activation of date 

stones. 

Analytical grade phenol has been purchased from Aldrich and used without further 

purification for the preparation of feed solution. 

 

3.2 Preparation of Activated Carbon 

 

Dried stones was well mixed with solution of ZnCl2 or FeCl3 at an impregnation ratio 

of 0.5 and 1.5 (weight of activator/weight of dried stones) respectively, for 24 h at 

room temperature. The impregnated samples were next dried at 110 C until 

completely dried and stores in a desiccator. For the carbonization of dried 

impregnated samples, a stainless steel reactor was used. The reactor was sealed at one 

end and the other end had a removable cover with a hole at the center to allow for the 

escape of the pyrolysis gases. The reactor was placed in a furnace and heated at 

constant rate of 10 C/min and held at carbonization temperature of 710 C and 75, 30 

min for FeCl3 and ZnCl2 carbonization time respectively. Then they were withdrawn 

from the furnace and allowed to cool. Samples were soaked with 0.1 M HCl solution 

such that the liquid to solid ratio is 10 ml/g. The mixtures were left overnight at room 

temperature, and then filtered. The samples were repeatedly washed with distilled 

water until the pH of filtrate reached 6.5 – 7. Then the samples were dried at 110 C 

for 24 h. Finally the samples were stored [Samar, and Muthanna, 2012, Hameed et 

al., 2009]. 

 

3.3 Characterization of Activated Carbon  

 

The prepared activated carbons were characterized by selected physical properties 

including bulk density, surface area (BET) and SEM. Chemical properties including 

ash and moisture contents, thermogravimetric analysis (TGA) and adsorption 

capacity. [ASTM (2000), Adekola and Adegoke, 2005] 
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3.3.1 Adsorption capacity test 

 

The maximum adsorption capacity of prepared carbons at optimum conditions were 

determined by performing adsorption tests in a set of 250 ml Erlenmeyer flasks where 

100 ml of phenol solutions with initial concentrations of 100-500 mg/l were placed in 

these flasks, which contain 0.05 g of prepared activated carbon. Other operating 

parameters are kept constants from the previous studies that carried out for the same 

purpose (i.e. agitation speed, temperature, particle size). The amount of phenol 

adsorbed at equilibrium,    (mg/g) was calculated using equation  

 

 
W

VCC
q eo

e


         (8) 

 

Where Co and Ce are initial and equilibrium concentration of phenol (mg/l), 

respectively, V is the volume of the aqueous phenol solution (l), and W is the weight 

of activated carbon used (g). The experimental data obtained were fitted to the 

Langmuir isotherm model, which can be written as 

 

e

em
e

BC

BCq
q




1
         (9) 

 

Where    is the maximum amount of phenol adsorbed per unit mass of activated 

carbon (mg/g),    is the equilibrium concentration of the phenol (mg/l), and B is the 

Langmuir constant (l/mg). 

 

3.4 CWAO Experimental Set-up and Procedure 

 

CWAO experiments were carried out in a trickle bed reaction system in co-current 

gas-liquid down flow. The reactor containing the activated carbon packed bed consists 

of a stainless steel tube (80 cm long and 1.9 cm inner diameter) and controlled 

automatically by four sections of 15 cm height steel-jacket heaters. Typically, about 

20 – 30 cm height of the activated carbon enclosed between two layers of inert 

material and the liquid flow rate was then calculated to give a space time of 0.33 – 1 

h, i.e. LHSV of 1 to 3 h
-1

. The air oxidant comes from a high pressure cylinder 

equipped with a pressure controller to maintain the operating pressure of 8–12 bar. All 

the experiments were run between 120-160 C. Stoichiometric excess of gas flow rate 

was 60% to 100%, initial phenol concentration was 5 g/l. 

The phenol and intermediates compounds of the exited samples were determined by 

HPLC following an analytical procedure described elsewhere [Fortuny, et al., 1999]. 

A complete scheme of the experimental apparatus was shown in Fig. 1. 

 

4. RESULTS AND DISCUSSION 

4.1 Catalyst 

 

4.1.1. Activated carbon capacity 

The maximum phenol uptakes of both FAC and ZAC prepared at optimum conditions 

have been determined by fitting experimental equilibrium data, calculated from Eq. 8, 

to the Langmuir isotherm model, Eq. 9, and presented in Fig. 4. These results show 
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that the maximum phenol uptakes of FAC was 290.5 mg/g while 210.0 mg/g for 

ZAC, this may due to the ability of ferric chloride to produce carbon structure with 

high portion of micropores content (approximately 10 A) as compared to that 

obtained using zinc chloride, due to their smaller ionic radius of the Fe
+3

 ions (55 pm) 

compared to Zn
+2

 ions (74 pm) as explained by [Rufford, et al., 2010]. 

 

4.1.2. Activated carbon characterization 

 

The characteristics of FAC and ZAC prepared at optimum conditions mentioned 

previously were determine and summarized in Table 1. The results of this table show 

that the surface area of FAC and ZAC are 773.2 and 1049.1 m
2
/g respectively. These 

results are in agreement with those reported by Samar, and Muthanna, 2012. 

Figures 2 and 3 show the SEM image and the weight loss for both types activated 

carbon during the TGA carried out between 100 and 900 C. TGA interpretation is 

conducted in accordance with that by Figueriredo et al., 1999. Which assigns each 

temperature zone to the desorption of a particular surface group or groups. 

The evolution of FAC and ZAC is similar. There is almost no significant loss up to 

nearly 500 C. Then there is a zone with marked drop in weight. 

 

4.2 Catalytic Activity Tests 

The activated carbons were checked as catalytic matter for the CWAO of phenol for 6 

h operation periods. The performance of the activated carbons will be discussed in 

terms of phenol conversion, xph, as a measure of the phenol destruction ability as 

defined by equation 

 

o
ph

ph
o
ph

ph
C

CC
x


100         (10) 

 

Where Cph is the actual measured phenol concentration in the sample and o
phC is the 

initial phenol concentration. To discuss the depth of oxidation, intermediate 

compounds measurements will also be used in terms of reduction as described in Eq. 

(10). 

 

4.2.1 Determination of the most active type 

 

In the first set of experiments, the reaction was carried out at feed solution pH of 7.2, 

S.E of 80%, LHSV of 1 h
-1

, temperature of 160 C,   2
=12 bar, and initial phenol 

concentration of 5 g/l. 

Figure 5 presents a comparison of the activities of FAC and ZAC catalysts. Both 

show similar behavior. As found, three different zones can be identified in both cases. 

In the first zone, from starting up to 1 h, adsorption predominates. This results in an 

apparent total phenol conversion. Note that for the given liquid flow rate and feed 

phenol concentration, the length of the adsorption zone at 140 C is roughly in 

agreement with the adsorption capacities for FAC and ZAC at 25 C. This is rather 

unexpected as the adsorption of phenol on activated carbon is known to be exothermic 

and the capacity should decrease as the temperature increase. However, further 

adsorption tests with FAC and ZAC carried out at oxic conditions and temperature of 
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25, 120 and 160 C reveal, albeit small, decrease in adsorption capacity at 120 C. 

Later, at 160 C, the adsorption capacity is even restored to that at 25 C. 

Oxidation coupling of phenol can provide a satisfactory explanation of the enhanced 

adsorption exhibited by FAC and ZAC in CWAO at 140 C. It is known [Cooney, 

and Xiz, 1994, Grant, and King, 1990] that AC catalysts, albeit slowly at room 

temperature, the formation of phenol dimers that are subsequently irreversibly 

adsorbed on the AC surface, thus increasing the AC adsorption capacity. Higher 

temperature and partial oxygen pressure should significantly enhance the rate of 

oxidative coupling, which could result in an enlargement of the initial adsorption zone 

during CWAO experiments. Also, HPLC analysis detected low oxidation 

intermediates during the adsorption period of apparent 100% conversion, which 

supports the oxidative coupling hypothesis. 

Once the adsorption step has reached a pseudo equilibrium state, phenol conversion 

drops rapidly to achieve an almost constant phenol conversion, which is then 

maintained to the experiments end. This drop in phenol conversion also marks the 

starting point for the occurrence of partial oxidation compounds. 

 

4.2.2 Effect of pH 

Another factor that could influence the adsorption capacity is the pH. Fig. 6 shows the 

pH profiles throughout the test. At the start the pH is about 7.2, close to neutrality, 

which confirms the absence of any compounds in the effluent. Then the pH began to 

decrease during the transient state and reached a steady state value. This decrease is 

caused by the formation of organic acids as oxidation by-products. 

The adsorption period occurs at pHs above 6 and a decrease in adsorption capacity 

has been reported above this pH for several substituted phenols. These compounds 

can be in undissociated and ionized forms, above a pH of 6 and it is well known that 

ionized forms of species adsorb less effectively onto AC than their undissociated 

forms do [Cooney, and xi, 1994]. However, as shown in Table 1, the pH in the point 

of zero charge (pHpzc) of these ACs are 8.0, therefore the AC surface is positively 

charged during the adsorption period and during the rest of the test; therefore, the ACs 

surface would exhibit a high affinity for anions or ionized forms of parent 

compounds. 

 

4.2.3 Effect of gas flow rate 

This set of experiments was carried out over FAC catalyst at different gas flow rate, 

i.e. stoichiometric oxygen excess of (60-100)%, keeping other variables constant at 

LHSV=1 h
-1

, temperature=160 C, oxygen partial pressure=12 bar, and phenol 

concentration=5 g/l. 

Figure 7 illustrates that the higher phenol conversion achieved at 80% S.E as 

mentioned previously, beyond that decreased with further increasing. 

The results above show that an increasing gas flow rate to 80% S.E. causing 

decreasing in the liquid hold up and liquid film thickness covered catalyst surface, and 

enhancing oxygen transfer to the liquid phase, and from the liquid phase to the 

catalyst surface, therefore, leading to high conversion. But increasing S.E. to 100% 

causes decreasing phenol conversion because of decreasing in the spreading of the 

liquid film over catalyst, hence, wetting decrease. 
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4.2.4 Effect of LHSV 

 

Figure 8 presents that the liquid flow rate has a large effect on phenol conversion. As 

clear from this figure phenol conversion of 87.16% and 82.5% were achieved at 

LHSV of 2 and 3 h
-1

. This is due to reduction in the space time of reactant in the 

reactor (i.e. reducing the time required for phenol reaction with oxygen over the 

catalyst). Moreover, higher liquid flow rates give greater liquid hold up which 

evidently decreases the contact of liquid and gas reactants at the catalyst active site, 

by increasing the film thickness. While at low liquid flow rate with other conditions, 

the process undergoes more conversion. 

 

4.2.5 Effect of temperature 

 

The influence of temperature on phenol conversion was studied at 120, 140, and 160 

C. Fig. 9 shows that to about 1 h and at 160 C, phenol conversion is 100%, while at 

140 C and 120 C, phenol conversion are 92.7% and 88.6% respectively, after that 

phenol conversion decrease gradually. The general behavior is, higher conversion is 

achieved at higher temperature due to the fact that at higher temperature, kinetic 

constant (rate constant) is favorably affected resulting in increasing in phenol 

conversion, according to Arrehenius equation: 

 








 


RT

E
expAk a         (11) 

 

In addition, at high temperature in aqueous solutions, the form in which oxygen 

participates in chemical reactions is complex. The necessary elevated temperatures 

can lead to the formation of oxygen radicals,   , which in turn can react with water 

and oxygen to form peroxide, H2O2, and ozone, O3, so that these four species   , O2, 

O3, and H2O2 are all capable of participating in the phenol oxidation. 

 

4.2.6 Effect of oxygen partial pressure 

 

Compared to temperature, oxygen partial pressure has less influence on the phenol 

conversion. It can be seen from Fig. 10. Increasing oxygen partial pressure from 8 bar 

to 12 bar resulted in an increasing in phenol conversion from 94.1% to 100%. 

In general, elevated pressure is required in such process, increasing pressure increases 

the density of gas and it's solubility in the aqueous solution. To add, an increasing in 

gas partial pressure provide a lateral push force for the reactants to cover as much 

surface area over catalyst possible. 

 

4.3 Reaction Pathway 

The oxidation routes of the compounds have been established with the help of our 

experimental data and the classical phenol oxidation pathway of Eftaxiax, et al., 

2006, Santos, et al., 2005, and Quintanilla, et al., 2005. From previous studies, it 

can be concluded that phenol is necessary for the formation of 4-HBA. Eventually, 

phenol can interact with carboxylic acid surface groups to form 4-HBA. The 

appearance of both 4-HBA and p-benzoquinone in the liquid samples suggests that 

phenol undergoes two parallel reactions to yield 4-HBA and p-benzoquinone via 
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hydroquinone. This assumption has been tested in terms of kinetic modeling by 

comparing the prediction of the parallel phenol degradation route with two 

consecutive schemes as shown 

 

Scheme 1: 36724656 OHCOHCOHHC       (12) 

 

Scheme 2: 24636756 OHCOHCOHHC      (13) 

 

Scheme 3: 
24656

36756

OHCOHHC

OHCOHHC




      (14) 

 

Simplified pathway with seven reactions proposed for the catalytic wet air oxidation 

of phenol over FAC shown in Fig. 11. It postulates that maleic acid is mainly coming 

from the ring opening of 4-HBA, whereas p-benzoquinone break down to formic acid 

and acetic acid has to follow routes that by pass maleic acid formation. Experimental 

support comes from a close inspection of the intermediate profiles (Figs. 9b-9g, 10b-

10g). The profiles for 160 C and 12 bar indicate that the maximum of p-

benzoquinone and formic acid occur at early space times compared to those of 4-HBA 

and maleic acid appearing significantly later. Thus the formation of formic acid and 

maleic acid must be mainly related to the destruction of p-benzoquinone and 4-HBA, 

respectively. A direct path from p-benzoquinone to formic acid by passing the 

formation of maleic acid is consistent with the Devlin and Harris mechanism [Devlin, 

Harris, 1984]. However, acetic acid formation via the decomposition route of maleic 

acid alone could not account for the high amounts of refractory acetic acid observed. 

The build-in of a reaction from p-benzoquinone to acetic acid has been necessary to 

improve the prediction of acetic acid profiles. 

The corresponding reaction equations of the reaction network developed here are 

listed below: 

 

367256
1 OHCCOOHHC
r
       (15) 

 

OHOHCOOHHC
r

2246256
2       (16) 

 

OHCOOHCOOHC
r

224442367 34 3      (17) 

 

22422222246 35 4 COOHCOCHOHOOHC
r

    (18) 

 

22222246 2425 5 COOCHOHOOHC
r

     (19) 

 

OHCOOOCH
r

22222
6

2

1
       (20) 

 

22422444 27 COOHCOOHC
r

      (21) 

 

         
  
→                
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The net destruction or production rates Rj of the involved compounds can then be 

determined as 

 

21 rrRphenol          (22) 

 

314 rrR HBAl          (23) 

 

542 rrrR .benzop          (24) 

 

73 rrR .maleic          (25) 

 

74 rrR .acetic          (26) 

 

654 4 rrrR .formic          (27) 

 

4.4 Model Prediction 

 

In this study, the unknown parameters have been optimized by a non-linear regression 

technique. The reactor equation, Eq. (1), has been numerically solved with a fourth-

order Runge-Kutta method to calculate the theoretical outlet phenol and intermediate 

concentrations (C
cal.

) of the objective function. Testing of different objective functions 

has shown that the best balanced criterion is to compare experimental and calculated 

concentrations in terms of absolute errors as given 

 

 
k,n,i

cal
k,n,i

exp

k,n,i CC        (28) 

 

Where the indexes i, n, k run over the component, the experiment and the space time, 

respectively. 

Rate model includes testing the influence of phenol adsorption, a series of 

optimization runs has been done with the rate model cancelling the contribution of 

phenol adsorption in the denominator of L-H equations for reaction (3)-(7). With this 

model, the best data fit has been performed, the objective function progressing 

significantly to 71 mmol/l. Finally, the block adsorption of either carboxylic acids or 

only aromatic intermediates has been checked, but in both cases the fit equality 

deteriorates to that obtained with the simple power law model. Thus, only the best 

results obtained with the simplified reaction network and rate model are presented 

that, Figs. 9a3 – 9g and 10a3 – 10g compared the model predictions and the 

experimental phenol and intermediate concentrations. As can be seen in Fig. 8a3, 

calculated phenol shows good agreement with experimental data leading to a very 

small mean error. The prediction of intermediates is less accurate, but still satisfactory 

given the complexity of the reaction system studied. Overall, the proposed model 

matches all data with an acceptable global error. 

The parameters optimized are listed in Tables 2 and 3. The oxidation reactions of 

phenol to 4-HBA and p-benzoquinone have activation energies of 80.7 and 70.1 

KJ/mol, which lie in the range 65-85 kJ/mol [Eftaxias, et al., 2005] observed for 
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kinetically controlled CWAO of phenol over different supported catalysts. For the 

ring opening reactions of 4-HBA to maleic acid and p-benzoquinone to formic acid, 

respective value of 78.2 and 53.8 kJ/mol have been obtained. These also close to other 

reported data over another catalyst. 

 

5. CONCLUSIONS 

 

Ferric chloride and zinc chloride have been used to prepare activated carbons from 

date stones for removal of phenol from aqueous solutions in a TBR. The maximum 

phenol uptake of carbons prepared by ferric chloride and zinc chloride activations, as 

calculated from Langmuir isotherm model, were 290.5 and 210.0 mg/g respectively. 

The catalytic performance of a prepared active carbon (FAC and ZAC) and its 

reaction kinetics (on FAC) were assessed for the CWAO of phenol in a TBR operated 

under different conditions of temperature and oxygen partial pressure. A temperature 

of 160 C, 12 bar of O2 and space times of about 1 h resulted in phenol destruction 

about 100%. The main intermediates detected were 4-hydrobenzoic acid, 

benzoquinone, maleic, formic and acetic acids. The prepared activated carbon (FAC 

and ZAC) showed a similar or even better catalytic performance than many of the 

noble metal or transition metal oxide-based catalysts recently developed for the 

CWAO of phenol. 

Although the adsorption of phenol on the active carbon was seen to take place, kinetic 

analysis showed that both the simple power law model and more mechanistic 

Langmuir-Hinshelwood models can accurately predict the entire experimental results. 

The oxidation reactions of phenol to 4-HBA and p-benzoquinone have activation 

energies of 80.7 and 70.1 kJ/mol. 
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NOMENCLATURE 

 

A = Preexponential factor, h
-1 

B = Langmuir constant, L/mg 

C =  Compounds concentration, mol/L 

Ce = Equilibrium concentration of phenol, mg/L 

Co = Initial concentration of phenol, mg/L 

Ea =  Activation energy, J/mol 

H =  Enthalpy of adsorption, J/mol 

K = Adsorption preexponential factor, L/mol 

k = Reaction rate constant, h
-1 

Kap= Rate parameter, reaction dependent unit  

oK  = Preexponential factor, reaction dependent unit 

oK  = Preexponential factor, reaction dependent unit 

P = Oxygen partial pressure, bar 

qe = Amount of phenol adsorbed per unit mass of activated carbon at equilibrium, mg/g 

qm = Maximum amount of phenol adsorbed per unit mass of activated carbon, mg/g 

R = Net reaction rate, mol /kgcat h
 

r =  Reaction rate, mol 1
catkg  h

-1 

R = Universal gas constant (8.314 J/mol K) 

T = Temperature, 
o
C 

V = Volume of aqueous solution, L 

W = Weight of activated carbon, g 

x = Molar fraction of dissolved oxygen, dimensionless 

β =  Oxygen order of reaction, dimensionless 

ρ1 = liquid density, kg/L 

τ =  Space-time, (kgcat /kgL) h 
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Figure 1 Experimental Apparatus 
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conversion during CWAO using FAC 

and ZAC 

 

0

2

4

6

8

0 2 4 6 8

p
H

 

Time on stream (h) 

FAC

ZAC

Figure 6 Evolution of process pH 

during CWAO using FAC and ZAC 

0

20

40

60

80

100

0 2 4 6 8

X
p

h
 (

%
) 

Time on stream (h) 

Xph at 100% S.E

Xph at 80% S.E

Xph at 60% S.E

100% S.E. 

80% S.E. 

60% S.E. 

 

Figure 7 Evolution of phenol 

conversion during CWAO using 

FAC catalyst at different gas flow 

rate (pH=7.2, LHSV= 1h
-1

, T= 

160C,   2= 12 bar). 

 

0

20

40

60

80

100

0 2 4 6 8

X
p

h
 (

%
) 

Time on stream (h) 

Xph at LHSV =1

Xph at LHSV =2

Xph at LHSV =3

LHSV = 1 

LHSV = 2 

LHSV = 3 

 

Figure 8 Evolution of phenol 

conversion during CWAO using 

FAC catalyst at different LHSV 

(pH=7.2, S.E.= 80%, T= 160C, 

  2= 12 bar 



Active Carbon from Date Stones for Phenol 

Oxidation in Trickle Bed Reactor, Experimental 

and Kinetic Study 

Wadood T. Mohammed 

 

 

986 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

0 2 4 6 8

X
p

h
 (

%
) 

Time on stream (h) 

a1 

Figure 9a. Effect of temperature on 

phenol oxidation (FAC, pH=7.2, 

S.E.= 80%, LHSV= 1 h
-1

,   2= 12 

bar, Cph=5 g/l) Experimental Data 

●120 C,  ■ 140 C, ▲ 160 C; 

Solid Line predictions Rate Model 

 

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1

X
p

h
 (

%
) 

Time on stream (h) 

a2 

0

20

40

60

0 0.2 0.4 0.6 0.8 1

p
h

e
n

o
l C

o
n

c.
 (

m
m

o
l/

l)
 

Time on stream (h) 

a3 

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6

4
-H

B
A

 C
o

n
c.

 (
m

m
o

l/
l)

 

Space time (h) 

Figure 9b Concentration profiles of 

4-Hydroxybenzoic acid (4-

HBA)(FAC, pH=7.2, S.E.= 80%, 

LHSV= 1 h
-1

,   2= 12 bar, Cph=5 

g/l), Experimental Data ●120 C,  ■ 

140 C, ▲ 160 C; Solid Line 

predictions Rate Model 

 

0

0.2

0.4

0.6

0 0.1 0.2 0.3 0.4 0.5 0.6

P
-B

e
n

z.
 C

o
n

c.
 (

m
m

o
l/

l)
 

Space time (h) 

Figure 9c Concentration profiles of 

P-Benzoquinone (FAC, pH=7.2, 

S.E.= 80%, LHSV= 1 h
-1

,   2= 12 

bar, Cph=5 g/l), Experimental Data 

●120 C,  ■ 140 C, ▲ 160 C; Solid 

Line predictions Rate Model 



Journal of Engineering Volume   20   -   2014 Number 4  -   April 
 

 
 

987 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0.4

0.8

1.2

1.6

2

0 0.2 0.4 0.6

M
al

e
ic

 a
ci

d
 C

o
n

c.
 (

m
m

o
l/

l)
 

Space time (h) 

Figure 9d Concentration profiles of 

maleic acid, (FAC, pH=7.2, S.E.= 80%, 

LHSV= 1 h
-1

,   2= 12 bar, Cph=5 g/l) , 

Experimental Data ●120 C,  ■ 140 C, ▲ 

160 C; Solid Line predictions Rate Model 

 

0

4

8

12

16

20

0 0.2 0.4 0.6

A
ce

ti
c 

ac
id

 C
o

n
c.

 (
m

m
o

l/
l)

 

Space time (h) 

Figure 9e Concentration profiles of acetic acid 

(FAC, pH=7.2, S.E.= 80%, LHSV= 1 h
-1

,   2= 12 

bar, Cph=5 g/l), Experimental Data ●120 C,  ■ 

140 C, ▲ 160 C; Solid Line predictions Rate 

Model 

0

3

6

9

12

15

0 0.2 0.4 0.6

Fo
rm

ic
 a

ci
d

 C
o

n
c.

 (
m

m
o

l/
l)

 

Space time (h) 

Figure 9g Concentration profiles of formic acid 

(FAC, pH=7.2, S.E.= 80%, LHSV= 1 h
-1

,   2= 

12 bar, Cph=5 g/l), Experimental Data ●120 C,  

■ 140 C, ▲ 160 C; Solid Line predictions Rate 

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1

X
p

h
 (

%
) 

Time on stream (h) 

a2 

0

20

40

60

0 0.2 0.4 0.6 0.8 1

p
h

e
n

o
l C

o
n

c.
 (

m
m

o
l/

l)
 

Time on stream (h) 

a3 

0

20

40

60

80

100

0 2 4 6 8

X
p

h
 (

%
) 

Time on stream (h) 

a1 

Figure 10a Effect of oxygen partial pressure on 

phenol oxidation, (FAC, pH=7.2, S.E.= 80%, 

LHSV= 1 h
-1

, T=160 C, Cph=5 g/l), 

Experimental Data ●8 bar,  ■ 10 bar, ▲ 12 bar; 

Solid Line predictions Rate Model 

 



Active Carbon from Date Stones for Phenol 

Oxidation in Trickle Bed Reactor, Experimental 

and Kinetic Study 

Wadood T. Mohammed 

 

 

988 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6

4
-H

B
A

 C
o

n
c.

 (
m

m
o

l/
l)

 

Space time (h) 

Figure 10b Concentration profiles of 4-

Hydroxybenzoic acid (4-HBA), (FAC, pH=7.2, S.E.= 

80%, LHSV= 1 h
-1

, T=160 C, Cph=5 g/l), 

Experimental Data ●8 bar,  ■ 10 bar, ▲ 12 bar; Solid 

Line predictions Rate Model 
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Figure 10c Concentration profiles of P 

Benzoquinone, (FAC, pH=7.2, S.E.= 80%, 

LHSV= 1 h-1, T=160 C, Cph=5 g/l), 

Experimental Data ●8 bar,  ■ 10 bar, ▲ 12 bar; 

Solid Line predictions Rate Model 
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Figure 10d Concentration profiles of maleic acid 

(FAC, pH=7.2, S.E.= 80%, LHSV= 1 h
-1

, T=160 

C, Cph=5 g/l), Experimental Data ●8 bar,  ■ 10 

bar, ▲ 12 bar; Solid Line predictions Rate Model 
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Figure 10e Concentration profiles of acetic acid, 

(FAC, pH=7.2, S.E.= 80%, LHSV= 1 h
-1

, T=160 

C, Cph=5 g/l), Experimental Data ●8 bar,  ■ 10 

bar, ▲ 12 bar; Solid Line predictions Rate Model  
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Figure 10g Concentration profiles of formic acid, 

(FAC, pH=7.2, S.E.= 80%, LHSV= 1 h
-1

, T=160 

C, Cph=5 g/l), Experimental Data ●8 bar,  ■ 10 
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Figure 11 Proposed Reactions Pathway for the 

CWAO of Phenol over FAC [Eftaxiax, et al., 

2006] 
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Table 1 Characteristic of Activated Carbon Samples 

Characteristic FAC ZAC 

Bulk density g/ml 0.28 0.33 

Ash content (%) 6.34 1.85 

Moisture content (%) 11.51 9.17 

Activated carbon capacity (mg/g) 290.5 210.0 

Surface area (m
2
/g) 773.2 1049.1 

pHPZC 8.0 8.0 

 

Table 2 Frequency factors, activation energies and reaction order obtained with the 

model and reaction scheme 

Rate log Ko Ea (KJ/mol)  

r1 13.9  0.1 80.7  1 1.00  0.03 

r2 13.2  0.1 70.1  0.8 0.9  0.02 

r3 16.5  0.4 82.0  1 0.91  0.1 

r4 20.1  0.7 115  3 0.62  0.2 

r5 13.2  0.3 55.9  2 0.73  0.1 

r6 15.6  0.4 64.7  2 0.76  0.1 

r7 13.9  0.1 56.7  3 0.64  0.1 

 

Table 3 Adsorption parameters for intermediates compounds 

Compound adsorbed log Ko (L/mmol) H (KJ/mol) 

4-HBA 0.15  0.02 -1.81  0.4 

P-Benzoquinone 1.52  0.1 -1.85  0.2 

Maleic acid -1.51  0.1 -2.58  0.5 

Acetic acid 1.58  0.1 -0.81  0.5 

Formic acid 0.92  0.05 -3.1  0.4 
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 مستخمص البحث
إذ تعد العمارة طريقة لمحياة والقيـ عبػر  .ميزىا عف باقي العموـوىذا ما يالعمارة خلاصات فكرية ومنظومات متعددة تتغير مكنوناتيا تشكّؿ 

فضػػلًا عػػف والمػػواد والمنشػػو والخػػدمات لشػػكؿ فػػي ا والتكنولوجيػػة المرتكػػزة عمػػا خصا صػػيا التكوينيػػةمنظوماتيػػا نتاجاتيػػا التعبيريػػة التػػي تظيرىػػا 
ذ تشسػػس ااشػػكاؿ نظامػػاً  وسػػيمةارة مجػػرد لا يجعػػؿ مػػف العمػػ بشػػكؿوكػػؿ ذلػػؾ مقػػروف بوسػػا ؿ وتقنيػػات  ،أشػػكاليا المعنويػػة لتحقيػػؽ ىػػدؼ مػػا. واس

تركػزّت و . حيث لا تنطمؽ عممية الخمؽ والإبداع المعماري مف فراغ بؿ تتبع قاعدة تصورية تنبثؽ منيا حالة جديػدة لنتػاج معمػاري جديػدمتكاملًا 
الشػكؿ  بنيػةلتكػويف وتعبيريػة  فػي الخدميػةتػوثير المنظومػات  حػون والموجيػة الشػاممة والتطبيقيػة الفكريػة الدراسػات مشػكمة البحػث العامػة فػي قمػة

 المعماري. لمشكؿ الخدميةنمط معالجة المنظومات  في الطبيعة التعبيرية المتحققة عف تصور واضح المعماري بشكؿ عاـ. فضلًا عف عدـ وجود
 مفػردات ىػذا إظيػار الإبػداع الشػكمي، وتحديػد فػي أسػاس كمتغيػر الخدميػةتوثير المنظومػات  بالتالي ييدؼ البحث بشكؿ عاـ إلا تشخيص

 مباشػر أثػر وجػود إلػا البحػث يفتػرض حيػث لمشػكؿ المعمػاري. الخدميػة العناصػر نمػط معالجػة خػلاؿ مػف تحقيقػو يخػص وبمػا العمػارة فػي التوثير
 بينمػػا واادا ػػي العممػػي الجانػػ  تػػوفير فػػي ااوؿ تكمػػف أساسػػيتيف وظيفتػػيّف المنظومػػة تمػػؾ تحمػػؿ بحيػػث المعمػػاري النتػػاج فػػي لممنظومػػة الخدميػػة

 المػػدار عمػػا العمػػارة نمػػط صػػيا ة فػػي البػػال  ااثػػر ليػػا كػػاف العلاقػػة وتمػػؾ النػػات ، المعمػػاري لمشػػكؿ التعبيريػػة الإمكانيػػات بتػػوفير الثانيػػة تتركػػز
 .الزمني
المعمارية،  تقنياتالو وسائل ، المنظومات الخدمية، الإبداع الشكمي، الالمنظوماتي ، التكاملخصائص التكوينيةال

 التعبيرية. الإمكانيات
The Effect of Services system in Architectural form developments 

Prof. Dr. Bahjat Rashad Shaheen                Ass. Prof. Dr. Ali Mejbel Al-Ethari               Lec. Usama Abdul-Mun'emt        
Architectural department                             Architectural department                            Architectural department 

Baghdad University/college of engineering         University of Technology                        Baghdad University/ college of engineering 

bahjatsha@yahoo.com                        ali_ethari@yahoo.com                                 eng_usama_oat@yahoo.com 
 

Abstract 
Architecture forms theoretical summaries and multi systems that have the essence of change, and that 

what distinguishes Architecture from other sciences and their systems. 

Architecture means way of life via its expressional products and that appears through its systems. These 

systems are based on formative and technological properties in form, structure, services and materials as well as 

their moral forms. 

All these are associated with techniques and facilities in order to establish integrated system. 

Architectural creation does not come from void but it depends on a conception base to create a new condition for 

creative architectural product. 

The general problem of the research concentrated on limited theoretical and practical studies, related to the effect 

of the technological systems integration on the expressional sides of architectural form in general. Besides, the 

absence of clear concept about the expressional aim in treatment type of technological systems of architectural 

form. 

Therefore, the research, in general, aimed to diagnose the effect of technology as a main factor to reveal the 

formal expression and creation, and to define items of architectural expression, and correlation with its 

implementation by mechanical treatment for architectural form. 

So, the research assumes the presence of direct expressional effects in structural and mechanical systems on the 

architectural form. Each of these systems has two functions: the first one is supplying the practical role, while the 

second function concentrated on the implementation of the expressional possibilities of architectural product 

form. 
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 مقدمةال
يمثؿ التطور التكنولوجي المشثر اابرز في التصميـ المعماري والركف ااساسي مف أركاف تطور المجتمعات، حيػث يعػد ارتبػاط 

عصػرنا بكػؿ مػػا تحممػو تمػؾ المػشثرات مػػف تعػدد فػي مرتكزاتيػػا التصػميـ المعمػاري بػالتطورات المتلاحقػػة لمتكنولوجيػا مػف أبػرز سػػمات 
ضػػمف عمميػػة الإبػػداع لمعمػػارة  اً محوريػػ اً عنصػػر  )المنشػػ ية، الخدميػػة، الداخميػػة،...ال  المبنػػا أضػػحت منظومػػات حيػػث  ومنظوماتيػػا.

إبداعيػة  اً والذي ينعكس عما تبمور التشكيؿ المعماري لدى إفرازه لتمؾ المنظومات المتداخمة، فيكتس  التشكيؿ المعماري عندىا أفكار 
ومػػة الخدميػػة ومػػف ىنػػا تبػػرز أىميػػة المنظ  ة الوظيفيػػة والمتطمبػػات التعبيريػػة.مػػف شػػونيا تمبيػػة الاحتياجػػات المختمفػػة لكػػؿ مػػف اادا يػػ

تعبيرياً خاصةً مع إمكانيػات إظيػار تمػؾ العناصػر، وقػد  ىامراعاة عناصر باعتبارىا واحدة مف تمؾ المنظومات الر يسة والتي يفترض 
، حيػث لعناصر المنظومػة الخدميػة الكبيرتوثر التصميـ المعماري بالتطور التكنولوجي إذ  .اعتاد اانساف تزييف وسا ؿ حياتو وأدواتو

اسػػتعماؿ أحػػدث التقنيػػات المتػػوفرة فػػي تصػػميـ وتنفيػػذ النتػػاج المعمػػاري، التػػي إلػػا لمصػػمموف المعمػػاريوف وميندسػػو الخػػدمات ا عمػػد
إمتمكػت التكنولوجيػا الخدماتيػة أىميػة كبيػرة فػي  لػذلؾتعتمد أساسػاً عمػا التكنولوجيػا فػي كافػة جوانبيػا الشػكمية والمنشػ ية والمعموماتيػة 

  .اريإقرار سمات النتاج المعم
 في العمارة:مات المنظو : 1

تعد العمارة أـ الفنوف فيي التعبير الإبداعي ابنية تتوفر فييا "ثلاثية فيتروفيوس" وىي عناصر المنفعة والمتانة والجماؿ، 
وعما  بكؿ إمكانياتو المادية والفكرية، وتمبي حاجات اانساف المادية والروحية بووسع المديات وافضؿ الوسا ؿ المتوفرة في كؿ زماف

يمثؿ حيث . [Ackoff,1974,p:13] ىذا ااساس فقد ارتبطت العمارة بجممة مف المنظومات المترابطة بعلاقات توثيرية متبادلة فيما بينيا.
يا يتـ تصميميا لكي المبنا مجموعة مف المكونات التي تمتمؾ كلًا كاملًا مف عدة صفات )بصرية، فضا ية، صوتية،...ال   وكم

تعمؿ بصورة معينة بغية تحقيؽ ااىداؼ المرجوة وتخدـ مجموعة مف الفعاليات، وتمؾ العمميات والفعاليات تستعيد ىويتيا عندما 
  تنظـ المتغيرات التي Totalityالتغيرات بالمواقع بينيما وىذه الشمولية )   مع استمرارInputsيدخؿ اانساف والطاقة كمدخلات )

تحدث حوليا وبالمقابؿ تتوثر بوجودىا وعممياتيا. فيمثؿ المبنا منظومة تمتمؾ الصفات التي تساعده عما إدامة عممياتو بفاعمية اذا 
حيطة تـ اعتباره تكويف فيزياوي يحمؿ الحيوية التي تمكنو مف الانطلاؽ مف الكؿ إلا جميع ااجزاء ويتفاعؿ معيا ومع البي ة الم

وبالتالي يمكف اعتبار المبنا "ككؿ" يتكوف مف مجموعة مف المنظومات  .[Handler,1970,p:23]وىي اىـ ما يميز أي منظومة. 
إلا اف  .Bachman (1 ،[Bachman,2003,p:17])"ااجزاء" والتي تتفاعؿ مع بعضيا بعلاقات حيوية تسعا لتحقيؽ تكويف متكامؿ. ويذكر

صر المنش ية والميكانيكية والعناصر ااخرى تشير إلا كممة منظومة بشكؿ مختمؼ عف معناىا العممي الخصا ص المشتركة لمعنا
، فالمنظومة المنش ية عما سبيؿ المثاؿ تشتمؿ عما الجسور وااعمدة مجموعات العناصر احدىما عف الآخرفي تمييز وتصنيؼ 

ااحماؿ مف خلاؿ الشبكة المنش ية إلا ااسس وتبقي البناية في حالة والتي مف خلاليا تعمؿ عما مقاومة القوى والإجيادات ونقؿ 
  .مف الاستقرار

تعمؿ عما العزؿ الوظيفي والبي ي بينما المنظومات الخدمية فيي تحاوؿ إبقاء الشا ميف في فأما منظومة الشكؿ المعماري 
 المتشكمة كمجموعة مترابطة مف المادة والقوى في المبنا.بالتالي المنظومة في العمارة تشير إلا المكونات  حالة مف الراحة.
وجود أربعة منظومات ر يسة لممبنا بشكؿ عاـ والتي تشير بوضوح إلا الوظا ؼ ااساسية لممبنا،   إلا Rushوأشارت دراسة )

 وىي:.  [Rush, 1986, p:8]تشكؿ تمؾ المنظومات المبنا ككؿ  حيث

 منظومة الشكل المعماري.   
                                                           

(
1

( )Leonard R. Bachman)( معماري وتاحث ألماوً مرخصص تشؤون المىظىماخ المعمارٌح وذكاملاذها، ومه اتزس مؤلفاذه :Integrated 

Buildings )2003. 
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  الشكل المنشئي.منظومة 

 منظومة الفضاء الداخمي.  

 منظومة الخدمات. 
الخػػدمات بعػػدىا ابػػرز مكونػػات المبنػػا الر يسػػية والتػػي أثػػرت وبشػػكؿ كبيػػر فػػي الشػػكؿ المعمػػاري و  تيويػػتـ التركيػػز ىنػػا عمػػا منظػػوم

  صيا ة نمط ولغة العمارة عما مدار تطوراتيا.
 : systemArchitectural Form المعماري الشكل منظومة: 2

 محددة مكانية أو زمانية بمسافات البعض بعضيا عف المفصولة والمفردات لمعناصر ملا ـ ترتي  ىو عموماً  الشكؿ 
 وىذه ،"الفضاء" فيزياوية  ير بعناصر تحيط" الكتمة" فيزياوية عناصر مف الشكؿ ىذا يتكوف وبالتالي معينة، ظاىرة ىي ة متخذة
 العالـ مف الإيعازات متحسساً  فيو فيتحرؾ الإنساني الوجود ويحتضف يحيط الذي الفضاء وتنظيـ صيا ة عف مسشولة تكوف الكتمة

 ،2003قادر، ىوشيار]. كتمية تكوينات مف بو يحيط ما خصا ص عما إضاءتو عف فضلاً  نوعيتو، مقاييسو، أبعاده، تعتمد والذي الخارجي
 [.30:ص

 الذاتي أو المستقؿ الجماؿ ذا الشكؿ واف إدراكو ومجاؿ صنعو وظروؼ بيدؼ يتعمؽ منطقية مرجعية العمارة في ولمشكؿ
 الفكرية الإبعاد ذي الحقيقي جوىرىا مع تتعارض شكمية انطباعات مجرد إلي العمارة يختزؿ مما ووقتياً  مباشراً  حسياً  إدراكاً  يفرز

 [.1997حممي، أحمد سوسف] والزمنية والوجدانية

 للإدراؾ قابمة مادة لتوسيس والتكنولوجية الاجتماعية المتطمبات مف جممة تفاعؿ عف نات  بصرياً  مادياً  تمثيلاً  الشكؿ يُعد وعميو
نما الظاىرة البنية أبداً  يكوف لـ المعماري فالشكؿ الإنساني، للإيواء أماكف بكونيا  يرىا عف تمتاز  المتميزة المدركة البنية ىو واس

 .والتكنولوجية الفكرية بارتباطاتيا

 :Services Systemمنظومة الخدمات : 3
تُعد منظومة الخدمات مف اكثر أنظمة المبنػا تغيػراً بتقػدـ الػزمف بسػب  التطػورات المتسػارعة لمتكنولوجيػا، فقػد كػاف لػدخوؿ 
المنظومػات الخدميػة وبيػذا الحجػـ والكمفػة ااثػر البػال  عمػا التصػميـ المعمػاري بصػورة عامػة وعمػا منظومػة الشػكؿ المعمػاري عمػا 

عمػا عػػدة نظػـ فرعيػػة متنوعػػة فػي وظا فيػػا، ور ػـ اف الجوانػػ  البي يػػة تسػتحوذ عمػػا نسػػبة وجػو الخصػػوص. وتشػتمؿ نظػػـ الخػػدمات 
تتػػػداخؿ مػػػع أجػػػزاء لا يمكػػػف اعتبارىػػػا ضػػػمف الفكػػػرة ااساسػػػية لمخػػػدمات كالمعالجػػػات الصػػػوتية  والتػػػيكبيػػػرة مػػػف المنظومػػػة الخدميػػػة 

ف منظومة الخػدمات والمنظومػة المنشػ ية والػذيف عػدىما بي  Banham (2وقد جمع ) .[Burberry,1979,p:122]وكاسرات الشمس و يرىا. 
بينمػا تتجػاوز ا مػ  المصػادر التعريػؼ المطمػؽ لممنظومػة الخدميػة حيػث تنتقػؿ  ينجزاف ميمة الحركة والاتصاؿ بيف شػا مي المبنػا.

وتشػكؿ فيػو العوامػؿ المشػتركة  بيف أجزاءه انطلاقاً مف تعريؼ المنظومة ذاتيا باعتبارىا مجموعػة مػف ااجػزاء واادوات المكونػة ليػا،
  والعلاقات بيف تمؾ ااجزاء الجان  الميـ.

بكونيا تتعامؿ مع الطاقة وتعمؿ بيا، أي إنيا أمػا ناقمػة لمطاقػة  ااولاوتشترؾ جميع مكونات منظومة الخدمات بصفتيف أساسيتيف، 
تكػػوف مكونػػات متحركػػة أو تتػػولا ىػػي نقػػؿ ااشػػياء أف ىػػي صػػفة الحركػػة إذ اف منظومػػة الخػػدمات أمػػا  الثانيػػةأو مسػػتيمكة ليػػا، أمػػا 

  والطاقػػة الكيربا يػػة Ductsالتػػي تعمػػؿ بيػػا كالمػػاء )لمتبريػػد  عبػػر اانابيػػ ، واليػػواء )لمتبريػػد والتدف ػػة والتيويػػة  عبػػر مجػػاري اليػػواء )
 .[Banham,1969,p:11]عبر ااسلاؾ فضلًا عف ااشخاص والبضا ع عبر المصاعد. 

 الأساسية لمنظومة الخدمات:المكونات : 3-1
تتميػػز المنظومػػة الخدميػػة عػػف سػػواىا مػػف منظومػػات المبنػػا بػػالتطورات والتغيػػرات المتلاحقػػة وعمػػا ىػػذا ااسػػاس فمكوناتيػػا 
تتزايد بمرور الوقت لتشػمؿ أجػزاء لػـ تكػف موجػودة سػمفاً كنظػاـ المعمومػات عمػا سػبيؿ المثػاؿ. وبالتػالي فالمكونػات الفرعيػة لمنظومػة 

                                                           
(

2
( )Banham)ٌعذ مه اتزس وقاد العمارج الذٌه ذىاولىا مىضىع الخذماخ فً العمارج، وواقش العذٌذ مه الحزكاخ الرً مشجد تٍه الماكىح والعمارج مثل : 

 وما لها مه اثز كثٍز على مسار الخذماخ فً الجاوة المعماري. الاركٍكزامالثزوذالشم والثىب ارخ 



 بهجث رشاد شاهين                                                            أثز المنظومة الخذمية في جطورات الشكل المعماري    

 علي مجبل العذاري                                                           

 أسامة عبذ المنعم خزيبط                                                             
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وبالنسػبة  .[Mason,1986,p:21]الخدمات تمتاز بالتغيير المستمر سواء بالزيادة أو النقصػاف فػي ضػوء التغييػرات التكنولوجيػة المتلاحقػة. 
 لمكثير مف الدراسات تـ تصنيؼ منظومة الخدمات إلا مجموعة مف المنظومات الفرعية وابرزىا:

  منظومة التكييؼ والتدف ة والتيويةHeating, Ventilation, Air-condition system  (HVAC . 

  منظومة خدمات الغازGas services system. 

  منظومة المياه والمجاريWater and Plumbing  

  منظومة الكيرباء والإضاءةElectrical and Lighting system. 

  منظومة الاتصالات والمعموماتCommunication and Information system. 

  المصاعد والسلالـ الكيربا يةElevator and Escalator. 

  منظومة الحماية مف الحريؽFire protection system. 

  منظومة اامفSecurity system. 

  .المنظومات الخاصة ااخرى والتي يتطم  وجودىا برنام  المبنا وطبيعتو[Mason,1986,p:21]. 

 تصميم منظومات الخدمات:: 3-2
جان  جزءاً أساسياً مػف كامػؿ العمميػة التصػميمية كونيػا تشػكؿ نسػبة كبيػرة مػف حجػـ المبنػا خصوصػاً فػي المنشػ ت الىذا يعد  

الكبيرة والصناعية، ويُعد توزيعيا عاملًا ميماً في تحديد إدا يتيا ومرونتيا، لذا يج  اف يكػوف تنظػيـ المنظومػة الخدميػة فػي المراحػؿ 
كامػػػؿ التصػػػميمي اامػػر الػػػذي يعطػػػي المرونػػة لإعػػػادة توقيػػػع الفعاليػػات والمعػػػدات. وىػػػذا يتطمػػػ  ااوليػػة لمتصػػػميـ بغيػػػة الوصػػوؿ لمت

بالضػػرورة مشػػاركة المعمػػاري مػػع ميندسػػيّ الخػػدمات فػػي المراحػػؿ المختمفػػة لمتصػػميـ لتجنػػ  فقػػداف السػػيطرة عمػػا تنظػػيـ الفضػػاءات 
  .[Barton,1983,p:13]وبالتالي فقداف المرونة في المبنا.

 اف يكوف ىنالؾ تحديد نوع وطبيعة الخدمات مع المنشو والإنياءات. وعميو يج 
 العوامل المؤثرة عمى تصميم منظومة الخدمات:: 3-3

 ىنالؾ مجموعة مف العوامؿ التي تشثر بدرجة كبيرة في الإمكانيات التصميمية لممنظومات الخدمية أىميا: 
يشثر نوع وطبيعة المبنا عما شكمو الظاىر وارتفاعػو وتخطيطػو، وبالتػالي فػاف التمريػرات الخدميػة العموديػة واافقيػة ( نوع المبنى: أ

تختمؼ أيضاً فالمباني المكتبيػة العاليػة تتطمػ  تمريػرات عموديػة اكثػر مػف اافقيػة بينمػا تحتػاج اابنيػة التعميميػة اافقيػة الممتػدة عمػا 
 يرات أفقية اكثر. مساحة أفقية كبيرة إلا تمر 

  .1) شكؿ
، إذ تختمػػؼ الكمفػػة بػػاختلاؼ نػػوع المبنػػا وتتناسػػ  طرديػػاً مػػع درجػػة التعقيػػد قػػة وثيقػػة بػػيف نػػوع المبنػػا والكمفػػةىنالػػؾ علا ( الكمفةةة:ب

% مػف الكمفػة الكميػة 50حيث نلاحظ في إحصػا يات جػرت فػي المممكػة المتحػدة بػوف كمفػة الخػدمات فػي المستشػفيات شػكمت حػوالي 
وتجػػدر الإشػػارة ىنػػا بػػوف كمفػػة  .[Maver,1971,p:11]% مػػف كمفػػة المنػػازؿ تقريبػػاً 12% مػػف كمفػػة المصػػانع و18فػػي حػػيف إنيػػا شػػكمت 

نمػا تتعػداىا لتشػمؿ كمفػة الطاقػة التػي تسػتيمكيا. وىػذا يطػرح إمكانيػة زيػادة كمفػة  المنظومات الخدميػة لا تقتصػر عمػا كمفػة إنشػا يا واس
 .ف اجؿ تقميؿ كمفة استيلاؾ الطاقةإنشاء الخدمات م

منظومة الخدمات مػف حيػث تكامميػا وتوزيعيػا خاصػة  التوثير عما تصميـيعد ىذا الجان  عاملًا ميماً في ( حجم وشكل المبنى: ج
فيما يتعمؽ بطبيعة تمريرات الخدمات سواءاً العمودية منيا أـ اافقية، كما اف المتطمبات الخدمية لممبنا المتعدد الطوابؽ تختمؼ فػي 

 ية جوىر التصميـ الخدمي. أىميتيا قياساً بالمبنا المنخفض، إذ تشكؿ الحركة العمودية والمناور الخدم
فضػػلًا عػػف مسػػاىمة الشػػكؿ المنػػاخي الجيػػد والتوجيػػو السػػميـ لممبنػػا وفتحاتػػو فػػي تقميػػؿ الجيػػد عمػػا منظومػػة الخػػدمات بطريقػػة تقمػػؿ 

 .[Barton,1983,p:8]الاعتماد عمييا فضلًا عف تقميؿ حجـ ااجيزة والفضاءات التابعة ليا. 
ىػػذا العامػػؿ مػػف خػػلاؿ المػػواد المسػػتخدمة وخصا صػػيا المنشػػ ية والفيزياويػػة ومػػا تػػشثر بػػو مػػف خلاليػػا عمػػا يبػػرز و  ( نمةةط الأنشةةاء:د

منظومػػة الخػػدمات وىػػذا الجانػػ  طرحتػػو الكثيػػر مػػف الدراسػػات والبحػػوث التػػي عنػػت بالانتقػػاؿ الحػػراري عبػػر الجػػدراف والسػػقوؼ حيػػث 
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حػػدة مػػف اىػػـ العوامػػؿ ااساسػػية التػػي تحكػػـ العلاقػػة بػػيف منظومػػات تشػػكؿ سػػيولة تمريػػر الخػػدمات مػػف خػػلاؿ المنظومػػة المنشػػ ية وا
. كما وتشثر أنماط معينة مػف ااسػالي  المنشػ ية فػي سػيولة التعامػؿ مػع المنظومػة الخدميػة كالمنشػو المسػتند [Maver,1971,p:9]المبنا 

  .2. شكؿ )[Barton,1983,p:8]  والذي يسيؿ التمريرات الخدمية Coreعما مجمع الخدمات )
 الأنماط الشكمية لمنظومة الخدمات:: 3-4

 تتعامؿ العمارة بشكؿ جوىري مع منظومات الخدمات مف النواحي المظيرية والتعبيرية بطريقتيف:  
  : منظومة الخدمات المخفية::3-4-1
يمغػي التػوثيرات التعبيريػة ليػػا تمثػؿ جوانػ  الإخفػاء بالنسػبة لمنظومػة الخػػدمات الصػفة الغالبػة فػي العمػارة المعاصػرة ولكػػف بشػكؿ لا  

عما منظومة الشػكؿ المعمػاري، ولكػف ىػو نػوع مػف التػوثير الػذي يمتمػؾ متطمباتػو الخاصػة. ويمجػا الكثيػر مػف المعمػارييف إلػا جانػ  
ف   بػػػ"البدع التقنيػػة"، حيػػث كػػاBanhamالإخفػػاء لعػػدة أسػػبا  منيػػا عػػدـ ر بػػتيـ فػػي التعامػػؿ مػػع المنتجػػات الحديثػػة أو كمػػا سػػماىا )

ينظػػر إلػػا التكنولوجيػػا باعتبارىػػا وسػػيمة وليسػػت  ايػػة لػػذلؾ وجػػد ا مػػ  المعمػػاريوف طرقػػاً مختمفػػة لػػدم  منظومػػات الخػػدمات المعقػػدة 
وقػد يكػػوف الإخفػاء اسػبا  أيديولوجيػة تتعمػؽ بتوجيػات المرحمػػة، فنجػد حركػة "العمػارة الحديثػة" مػػثلًا  والضػخمة داخػؿ نسػي  المبنػا.

  عمػػدت إلػػا نقػػاء الشػػكؿ والبسػػاطة المطمقػػة فػػي حػػيف حػػاوؿ معمػػاريو "مػػا بعػػد International styleلي )ومػػف خػػلاؿ أسػػموبيا الػػدو 
معظميـ إلا إخفاء الجان  الخدمي باعتباره منتجػاً جديػداً وينػافي روح  سعا الحداثة" استعماؿ ااشكاؿ التقميدية في مبانييـ، بالتالي

. وىػذا مػا [Banham,1969,p:245]ف الملاءمػة بػيف ااشػكاؿ الكلاسػيكية والخػدمات، يريالماضي المنشودة. وقد حاوؿ بعض ىشلاء المعمػا
 . 3، شكؿ )Le Corbusier))نمحظو في مبنا )مرسيميا  لممعمار 

 ، شكؿ رقـ  Philip Johnson ، والبيت الزجاجي لممعمار )4 ، شكؿ )Mies van der Roheأما في بيت )فرانس وورث  لممعمار )
ف بالبسػػاطة والشػػفافية وتشػػكيؿ فضػػاء مسػػتمر لا تخترقػػو سػػوى ااعمػػدة المنشػػ ية الرقيقػػة فضػػلًا عػػف كتمػػة يتميّػػز البيتػػ ، نلاحػػظ 5)

مصمتة تمثؿ الفضاءات الخدمية )كالحمامات والمطب  والمدخنة  ليكوف نظػاـ الخػدمات ىنػا ذا سػمة شػكمية مميػزة خاصػة فػي الميػؿ 
الداخؿ. بالتالي لا يمكف إخفاء ااثر الشكمي لمنظومة الخدمات بػالر ـ مػف عػدـ ظيورىػا عند الإنارة وانسيا  الفضاء الخارجي إلا 

بشكؿ جمي، حيث أتاحت المنظومة الخدمية إمكانية التنػوع المطمػؽ والاختيػار الواسػع للشػكاؿ مثممػا جعمػت أي مبنػا مقبػولًا وظيفيػاً 
اعية فػي المبنػا العامػؿ البػارز فػػي التػوثير الشػكمي  يػر المباشػر لمنظومػػة . لػذلؾ يعػد تػوثير الإنػارة الصػػن[Banham,1969,p:239]وأدا يػاً 

اف اسػتخداـ عناصػر الإنػارة أدى إلػا زيػادة الإحسػاس بوجػود السػطوح الداخميػة   Lewis Mumford (3الخػدمات، إذ يػرى الفيمسػوؼ )
ومف ابرز الحركات المعمارية التي عمدت إلا   [.71، ص:1997،]ر د نعمة،ثر وضوحاً لميزات المحيط الداخميلمفضاء، ليتاح الإدراؾ ااك

الإفادة مف دخوؿ بعض عناصر المنظومة الخدمية إلا المجاؿ المعماري وخاصة ما تعمؽ منيا بعناصر الإنارة الداخمية ىي حركػة 
  .6شكؿ ) . 4)الآرت نوفو -)الفف الجديد

 : منظومة الخدمات الظاىرة::3-4-2
العامػػػؿ البػػػارز، فعمػػػارة الإظيػػػار كػػاف عمييػػػا اف تنتظػػػر إلػػػا حػػػيف حػػػدوث تغييػػػر فػػػي اافضػػػميات شػػكّؿ الجانػػػ  الجمػػػالي ىنػػػا  

الجماليػػػة فضػػػلًا عػػػف انتظارىػػػا نمػػػو الصػػػعوبات التػػػي تػػػنجـ عػػػف تعقيػػػد عمميػػػة إخفػػػاء الخػػػدمات  فالمسػػػولة الجوىريػػػة ىنػػػا وفقػػػاً لػػػرأي 
(Banham .ىي جمالية وتكنولوجية عما حدٍ سواء  [Banham,1969,p:237] تيػا بعػد ا. وقد بدأت عناصر منظومػات الخػدمات توخػذ تعبير

                                                           

(
3

( )Lewis Mumford :  ًالعصر الحديث والبي ة المحيطة بيـ.  مجتمعالعلاقة بيف  في أفكاره تركزت ا وفيمسوفًا ومشرخًا أمريكيًّا.اجتماعيً  كاف ناقدًا
 ويختص عديد منيا بتخطيط المدف. 

(
4

"الآرت نوفو" ىي حركة معمارية اىتمت بشدة بالفضاء الداخمي ومفرداتو عبر توجيات جمالية جديدة واعتمدت عما الدرجات   حركة الفن الجديد( )
نياءات اارضيات مع التوكيد عما استخداـ االواف والمعالجات التزيينية ال  .صغيرةالمتعددة لموف الواحد والخطوط الدقيقة في رسوـ الجدراف واس

[Banham,1969,p:44.] 
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نما تنوّع وتغّير حس  الفكػر التصػميمي متنقمػة بػيف مجػرد السػماح  الحر  العالمية الثانية ولـ يكف ظيور الخدمات عما نمط واحد واس
 .[Hawkes,1986,p:64]ليا بالظيور إلا إبرازىا بشكؿ نصبي أو حتا كشفيا بصورة كاممة أماـ الناظر 

 "، Oscar Niemeyer ، "مصػمـ مبنػا اامػـ المتحػدة مػع )Harsonفقد تظير الخدمات بطريقة مبسطة كما فعؿ المعمار اامريكػي )
  مر يػػة بصػورة كاممػػة A.H.Uعنػدما تػرؾ الخػػدمات مكشػوفة وممونػة فػػي سػقؼ المبنػػا مػع تػرؾ مجػػاري اليػواء ووحػػدات دفػع اليػواء )

 .[Banham,1969,p:235]عما كؿ السقؼ. 
  العلامػة الفارقػة فػي تػاري  إظيػار الخػدمات، حيػث بػرزت Luis Kahnكما يمثؿ مبنا )مختبرات ريتشارد  في "فيلادلفيػا" لممعمػار )

بشكؿ نصبي مميز اامر الذي دفع بنقاد العمارة إلا الحديث اوؿ مرة عف جماليػات المنظومػة الخدميػة بيػذا القػدر. إذ كانػت لفكػرة 
  لػـ يكػف مشمنػاً Kahnقسيـ المبنا إلا فضػاء خػادـ ورخػر مخػدوـ أثػراً كبيػراً عمػا مجموعػة كبيػرة مػف المعمػارييف بػالر ـ مػف كػوف )ت

 بعممية إظيار الخدمات إلا 
عنػدما تفُػرض عميػو مػف قبػؿ الوظيفػة، فػي حػيف اذا لػـ يتطمػ  المبنػا خػدمات كثيػرة فانػو يسػعا إلػا إخفا يػا كمػا فعػؿ فػي تصػميمو 

. فعممية إظيار عناصر منظومة الخدمات ىنا في الواقع مػا ىػي إلا Yale University Art Gallery ، [Hawkes,1986,p:65]ركز )لم
خفاشىا بواسطة السقوؼ الثانوية. " الذي تمت فيو تغطية الخدمات واس  عممية إبعاد ليا عف التوثير عما المبنا "المخدوـ

  مثؿ "أبراج الخدمة" بشكميا النصبي شكلًا مغرياً لممعمارييف وبػدأت تػدخؿ Kahnدميا )فوضحت بعض العناصر الشكمية التي استخ
التصاميـ المعمارية بكثرة لتمثؿ وجياً مػف أوجػو إظيػار المنظومػات الخدميػة، ووصػمت عمميػة إظيػار الخػدمات إلػا ذروتيػا عمػا يػد 

  فػي تصػميـ مبنػا )بومبيػدو سػنتر . Renzo Pianoاشػترؾ مػع )  الػذي قػدـ مبنػا )المويػدز بنػؾ ، كمػا Richard Rogersالمعمػاري )
 وتمؾ اابنية أظيرت الوجو الحقيقي لتوثير المنظومة الخدمية في الشكؿ العاـ لممبنا.

ومف التوجيات الشا عة في توقيع فضاءات المكا ف الخدمية في المباني العمودية مف خلاؿ وضعيا في منتصؼ المبنا. وىذا لو 
 عددة منيا:أسبابو المت

  سب  وظيفي: لغرض التوزيع المتساوي لمخدمات فضلًا عف ضماف اقصر طريؽ لمتمريرات الخدمية التي تصؿ لطوابؽ
 المبنا المختمفة.

  سب  منش ي: وىذا مرده وجود المعدات الثقيمة وذات الاىتزازات الكبيرة أثناء التشغيؿ مما يعكس خطر كبير عما المبنا
 ات. خاصة عند توقيعيا في سطح المبنا.مف جراء تمؾ الاىتزاز 

  سب  تعبيري: وىذا الجان  يرتبط بغاية كسر التكرار والرتابة لطوابؽ المبنا خاصة في المباني المتعددة الطوابؽ. والمثاؿ
  .7البارز عما ذلؾ المنحا ىو برج جامعة بغداد. حيث تتركز فضاءات المكا ف ففي منتصؼ المبنا تقريباً. شكؿ )

 العلاقة التكاممية بين منظومة الشكل المعماري ومنظومة الخدمات:: 4
 يعمؿ الجمع بيف المنظومتيف عما الحماية البي ية والسيطرة عما قوى الطبيعة وتقديـ الراحة البي ية. 

نظومة الخدمات عما وىذه المنظومات ذات أىمية كبيرة، فمنظومة الشكؿ توفر الحماية الفيزياوية مف القوى الخارجية بينما تعمؿ م
إكماؿ ذلؾ لتوفير الراحة في الداخؿ، الحاجة إلا منافذ خارجية لميواء، الماء، الطاقة، مما يعني اف منظومة الشكؿ عادةً ما يُخترؽ 
دة بالخدمات. والكلاـ عف توثير الخدمات عما منظومة الشكؿ المعماري لا يعني كونيا المشثر الوحيد، إذ تعد العمارة فعالية معق

مرتبطة بمجالات متنوعة منيا التقني ومنيا الإنساني، منيا ما يشكؿ جزءاً مف تكوينيا ومنيا ما ىو خارج عنيا إلا انو مشثر فييا، 
بالتالي نمحظ اف المشثرات عما الشكؿ كثيرة ومتنوعة ومف جممتيا منظومة الخدمات حيث اصبح ىنالؾ إمكانية طرح تبعية الشكؿ 

  اف الخدمات ممكف اف تشثر عما الشكؿ Banhamحيث يرى ) الخدمية أو اف الخدمات تتبع الشكؿ.المعماري لممنظومة 
الظروؼ البي ية  ء: مف خلاؿ تحرير المنشو مف ع والثانيةمف خلاؿ الفضاءات والمعدات اللازمة لمخدمات،  الأولى:بطريقتيف: 

 .[Banham,1969,p:71]التي كاف يتحمميا. 
وشيدت عمارة القرف العشريف دخوؿ فضاءات ومعدات لـ تعيدىا مف قبؿ كاف معظميا نات  مف تطورات المنظومة الخدمية 

يتمثؿ في وجود فضاء كبير لاحتواء المكا ف  ااوؿومتطمباتيا. ويرى المختصوف اف توثير ىذه المعدات جاء عف طريقيف: 
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يتمثؿ بالحاجة لوضع نظاـ التوزيع بصورة صحيحة  والثانيي المكاف الملا ـ، والخدمات اليندسية وأىمية توقيع ىذا الفضاء ف
كما ساد في مرحمة  .[Burberry,1986,p:63]ليشدي الغرض منو بكفاءة، مع مراعاة سيولة الوصوؿ إليو وصيانتو كمما اقتضت الحاجة. 

فعما الر ـ مف اف وجود مثؿ ىذه القاعات في قمة المبنا  العمارة الحديثة تميّز قاعة المكا ف في الطوابؽ العميا لناطحات السحا ،
يكوف محدداً تقنياً إلا اف المعمارييف جعموه طريقة لخمؽ التنويع في الواجيات خصوصاً اف ىذه الواجيات كانت عادة ما تتميز 

 Mies Van derبنا "سيكراـ" لممعمار )بالتشابو والتكرار في مفرداتيا، مع ملاءمتو لفكرة التمييز الوظيفي لعناصر المبنا، كما في م

Rohe،   بالر ـ مف توثيرىا الشكمي المحدود خصوصاً إنيا اكتفت  الباً بتغيير لوف الزجاج أو تركيبة الفتحات 8) شكؿ ، 
غمؽ أو القرار التصميمي باحتواء أجيزة الخدمات داخؿ فضاء مف .[Ibid,p:228]"الموفرات" وبما يحافظ عما الشكؿ النقي لممبنا. 

وقد تظير ىذه المنظومة الخدمية بشكؿ مخفي كشفيا إلا الفضاء المفتوح ينبع مف فكرة المصمـ عف إبراز أو إخفاء الخدمات، 
 . حيث 9)  ، شكؿRichard Rogersداخؿ المبنا أو قد تكوف بشكؿ بارز إلا الخارج كما ىو الحاؿ في مبنا "المويدز" لممعمار )

كؿ ابرز سمات " وىي ذات منشو مستقؿ عف بقية أجزاء المبنا وتشSatellitesالخدمية بوسـ التوابع " سما المصمـ ىذه المجموعة
 .[Davies,1986,p:76-80]. التشكيؿ الخارجي لو

  في مبنا Le Corbusier  بوف المعمارييف كانوا بحاجة إلا عناصر معمارية عمودية كاابراج التي استخدميا )Banhamويرى ) 
"رونشام " والتي كانت مستغمة لمحركة العمودية فقط وأتا المعماريوف مف بعده بنفس اابراج وبرروىا وظيفياً بإدخاؿ جان  

  لمخدمات العمودية بشكميا البارز Louis Kahnكما ساىـ استخداـ ) .[Banham,1969,p:239]الخدمات ونظاـ التوزيع العمودي إلييا. 
في إزالة العوا ؽ ااخيرة أماـ إبراز نظاـ التوزيع العمودي في المباني، معطياً الخدمات  تشارد" في فيلادلفيا،في مختبرات "ري

". Kahnتعبيريتيا المباشرة وفؽ المبدأ المعروؼ لػ)   .[Hawkes,1986,p:64]  "الفضاء الخادـ والمخدوـ
   النفعية: جوانب الإبداع في منظومة الخدمات والفضاءات: 5

 فضاءات بيف أساس المزج عما تقوـ المبنا داخؿ الانتفاع عناصر الخدمة وعناصر بيف تربط التي التقميدية العلاقة كانت

 1904 عاـ في إلا أنو الانتفاعية، ومتصمة بالفضاءات" ااحياف أ م  في" المبنا قم  في كانت تقع حيث الواحد المبنا منيما في كؿ

 شركة"مبنا   Frank Lloyd Wright) صمـ الخدمات الفضاءات الانتفاعية، حيث فضاءات بيف المتصؿ لمفصؿ فكرة جديدة ولدت

المبنا  كتمة خارج ااركاف إلا بالسلالـ دفع الموظفيف، كما فضاءات بعيدًا عف كتمة مستقمة في وضع الخدمات أساس عما "لاركف
 Servantوالفضاءات المخدومة ) الخادمة لفكرة الفضاءات ااولا البذرة قد وضع  Wright) يكوف وبذلؾ  ،10) الشكؿ الر يسية،

Spaces and Service Spacesاستقا بعض ومنيا القرف العشريف، في الفكر التصميمي تطور في مف المقومات الميمة كانت   والتي 

   فيLouis Kahnأعماؿ ) في وضوحًا وأكثر متطور بشكؿ فظيرت  المبدأ التصميمي. لتطوير ىذا أخرى المعمارييف محاولات

 الحركة مف عناصر وضع قاـ ، حيثMedical Laboratory Building  1964بجامعة فيلاديمفيا ) الطبية" تصميـ "مبنا المعامؿ

 وسط بعيدًا عف رأسية أبراج في والكيربا ية الصحية مف الشبكات والتوصيلات  يرىا أو تكييؼ وفضاءات سلالـ ومصاعد

 ظيرت تطورًا أكثر وبشيء .تعديلات مستقبمية أي لعمؿ الكافية المرونة توفير عما وتعمؿ تعيؽ الاستخدامات لا حتا الفضاءات،

  [.54، ص:1984]محمد محمود عويضة، ، Hi-Tech) "العالية التكنولوجيا"اتجاه  معمارييّ  أعماؿ في جديدة ىي ة في الفكرة ىذه
 الفكػر فػي ظيػرت المبتكػرة التػي رخػراً مػف ااشػكاؿ شػكلاً  الخدمػة وفضػاءات الانتفاعيػة الفضػاءات بػيف العلاقة أخذت رخر جان  ومف

جونسػوف  شػركة لمبنػا المعامػؿ بػرج مػف خػلاؿ أخػرى فػي صػورة ىػذه الفكػرة يقػدـ   أفWrightاسػتطاع ) فقػد المعاصػر، المعمػاري
(Johnson Wax Company  1947 ( قمػ  فػي الحركػة وعناصػر الخػدمات الخرسػاني، لوضػع القمػ  ابتكػر  فكػرة  ، حيػث11شػكؿ 

  .الحاجة وحس  شكؿ بوي استخدامو تقسيمو أو يمكف حوليا حراً  الإنشا ي ويترؾ الحيز مف المبنا
 : مفردات الاطار النظري:6

مجموعػة مػف المحػاور وبعد مناقشة ابػرز المفػردات البحثيػة واسػتخلاص مسػتويات العلاقػات الرابطػة المختمفػة بينيػا تبػرز لػدينا  
 الر يسية التي مثمت مفردات الاطار النظري لمبحث.
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الخصا ص المستخمصة والصفات المميزة لكؿ مفردة مػف مفػردات  الاطػار النظػري وفػؽ كػؿ مػا تػـ طرحػو  القيـ الممكنةحيث تجسّد 
يص اثر عناصر المنظومات الداخمػة فػي مف أفكار ومفاىيـ خلاؿ متف البحث. وصولًا لتحديد الصفات المميزة لكؿ مفردة بغية تشخ

العممية التصميمية عما النتاج وتحديد اىـ مششرات ذلؾ التوثير وتجمياتو في نتاج أي عمارة، وعميػو تمثمػت مفػردات الاطػار النظػري 
 بثلاث محاور أساسية وىي:

 : منظومات المبنى: 6-1

التصميمية بكؿ أبعادىا والذي جاء بثلاث محاور ثانويػة، مثػّؿ كػؿ يناقش ىذا الجان  المنظومات المتعددة الداخمة في العممية  
محور منظومة مف المنظومات ااساسية )منظومة الشكؿ المعماري، منظومة الخدمات ، وابرز سػماتيا. وانػدرج ضػمف كػؿ منظومػة 

 منيا مجموعة مف الخصا ص والمميزات وكما يوتي:

بمجموعػػة مػػف الخصػػا ص التػػي ميّػػزت النتػػاج ومنيػػا مػػا تعمػػؽ بطبيعػػة الشػػكؿ جػػاء ىػػذا المحػػور منظومةةة الشةةكل المعمةةاري:  - أ
الظاىر وخصا صػو ومػا يمكػف اف يػوتي مػف تميػز عمػا مسػتوى الشػكؿ، ومػدى ارتبػاط ىػذا الشػكؿ بطػرز معماريػة أو حركػات فكريػة 

 كؿ.أثرت في ذلؾ النتاج، فضلًا عف مستويات الذاتية والتفرد التصميمي والمقياس العاـ لذلؾ الش

احتػػػوى ىػػػذا الجانػػػ  عمػػػا مجموعػػػة مفػػػردات ارتبطػػػت بعناصػػػر المنظومػػػات الخدميػػػة. منيػػػا ارتبػػػاط تمػػػؾ  منظومةةةة الخةةةدمات: -ب 
المنظومػػػة بنػػػوع المبنػػػا وااثػػػر الػػػوظيفي عمييػػػا، والمسػػػتوى التكنولػػػوجي لمنظومػػػة الخػػػدمات، وكػػػذلؾ المػػػشثرات البي يػػػة فييػػػا، درجػػػة 

أخػػػرى منيػػػا تػػػوثير توزيػػػع عناصػػػر الخػػػدمات بالحركػػػات الفكريػػػة المعماريػػػة ومػػػدى ارتبػػػاط الاقتصػػػادية، فضػػػلًا عػػػف جوانػػػ  متعػػػددة 
 الخدمات بالمواد المستخدمة وااثر المتبادؿ بينيما.

 : تكامل العلاقات المنظوماتية:6-2

وخاصػة مػا يتعمػؽ منيػا يناقش ىذا الجان  ابرز مستويات العلاقة التوثيرية الرابطة، والمتبادلة بيف مكونات العمميػة التصػميمية  
 بالمنظومات والعلاقة بينيا، حيث جاء ىذا الجان  بمحوريف أساسييف ىما:

وىنػػا يػػتـ التركيػػز عمػػا طبيعػػة ومميػػزات العلاقػػات الرابطػػة بػػيف منظومػػات المبنػػا خصةةائص العلاقةةة الرابطةةة بةةين المنظومةةات:  - أ
شػكؿ وتػوثير عناصػر منظومػة الخػدمات فػي الشػكؿ المعمػاري ااساسية وتوضيح طبيعػة العلاقػة الرابطػة بػيف منظػومتي الخػدمات وال

 الظاىر. ومميزات طبيعة العلاقة بيف منظومة الشكؿ ومنظومة العناصر الخدمية.
يتـ فيو التركيز عما موضوع التكامؿ وما يمثمو مف جانػ  يحكػـ طبيعػة العلاقػة الرابطػة  مستويات تكامل العلاقة المنظوماتية: -ب

 ا الر يسية والتي اتسمت بمستويات ودرجات مختمفة.بيف منظومات المبن
 : تعبيرية وأدائية النتاج المعماري:6-3

يعكػػس ىػػذا المحػػور خصػػا ص ميمػػة تتعمػػؽ بالجانػػ  الظػػاىراتي فػػي النتػػاج المعمػػاري، حيػػث ىػػدؼ إلػػا توضػػيح السػػمات الماديػػة 
 ضمف محوري أساسييف:والتعبيرية التي يتمتع بيا الشكؿ المعماري عما عدة مستويات. حيث جاء 

 ىنا يتـ التركيز عما توضيح مستويات الخصا ص التعبيرية والجمالية التي حمميا النتاج المعماري. مستويات تعبيرية النتاج: -أ
حمؿ ىذا الجان  مجموعة مف الموضػوعات التػي ارتبطػت بالجانػ  اادا ػي والػوظيفي لكػؿ منظومػة مػف  الأدائية المنظوماتية: -ب

المػػػشثرة فػػػي المبنػػػا ومػػػف ابرزىػػػا ي مسػػػتويات أدا يػػػة عناصػػػر منظومػػػة الشػػػكؿ المعمػػػاري، فضػػػلًا عػػػف أدا يػػػة العناصػػػر  المنظومػػػات
 الخدمية.

 الأمثمة التطبيقية لمبحث:: 7
 (CENTRE GEORGES POMPIDOU.)1975-1972بومبيدو في باريس، فرنسا مركز  المشروع الأول:

                     (Richard Rogers - Renzo Piano)تصميم/ ريتشارد روجرز، رينزو بيانو   
 الوصف العام لممشروع: - أ
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  عندما قدّـ مبنا )بومبيدو Richard Rogersوصمت عممية الإظيار وتعبيرية كؿ مف المنشو والخدمات ذروتيا عما يد المعماري )
ثقافياً يقع وسط باريس في ميداف الخمسة ىكتار بيف متحفاً ومركزاً   Pompidouويعد مركز "بومبيدو" )  .Renzo Pianoسنتر  مع )

يعد نقّاد العمارة مركز "بومبيدو" و    الذي أعطا لممجمع اسمو ااصمي.Plateau Beabourg"الموفر ونوترداـ"، في الموقع المعروؼ )
الفضاءات الداخمية بصورة ، وىذا اليدؼ خمؽ مرونة وحرية واسعة لمنظومة واضحةبونو مبنا يستعرض التقنية العالية بطريقة 

 عرقَمة.حركّت عناصر البنا التحتية والخدمية إلا الخارج لترؾ الفضاءات الداخمية  ير م
 مستوى منظومة الشكل المعماري: - ب

بداع انطمؽ معماريو المبنا مف فكرة خمؽ    Mies Vanأطروحة )، موظفيف واحد فضاءات عرض حرة وفسيحة في رفواس

der Rohe   تـ طولاً  متراً  170و عرضاً  متراً  50الذي يمتمؾ ااضلاع المتوازي  اشاممة، فشكؿ المبنالفضاءات الالخاصة بتنظيـ ،
  12شكؿ) [Reising,2010] تسقيؼ طوابقو الستة عبر منظومة مف المساند المتشابكة المثبتة خارج المبنا

 طت  يشاء والتراكي  البنا ية الطولية والمحورية والمتصالبة التاان لعناصرمعالجات واجيات المبنا الحضور الكثيؼ  توساىم
الخدمات وأنابي  كشؼ مجاري  تعبيرية المنظوماتانطباع العفوية، ومما زاد في خمؽ حالة  وأكسبتيابعناصرىا مفردات الواجية 

في  وظا ؼ جديدة لـ تكف معتادة سابقاً لمقياـ ب اليندسية نحو الخارج؛ ىذا عدا المجوء لتوظيفات عنصر الموف وتشغيمو تكوينياً 
تـ حيث في صيا ة المنظومة التكوينية لواجيات المبنا،  مشثراً  حرص المصمموف اف يكوف لعنصر الموف دوراً إذ العمارة المدنية. 

مختارة مف الواجية المتشكمة مف عناصر مختمفة، فمونت مجاري التيوية أجزاء توظيؼ عنصر الموف بصبغاتو المختمفة عما 
، في حيف لونت عناصر الانتقاؿ والحركة مثؿ المصاعد بااصفرالكيربا ية ااسلاؾ وقنوات  باازرؽوأنابي  الماء  بااخضر
واجيات إلا والحركية  المنش يةومات . وفي النتيجة فاف قرار كشؼ ونقؿ جميع المنظ  بااحمرEscalatorsالمتحركة )والسلالـ 
ظاىرة معمارية جديدة إلا نزعة واضحة نحو استغلاؿ تمؾ العناصر في تعبيرية المبنا الظاىرة. بالتالي خمؽ المبنا  أوحاالمبنا 

  اللاحقة. حُظيت بانتشار واسع في مجمؿ الممارسة التصميمية العالمية 
 مستوى منظومة الخدمات: -ج

ت الخدمات الثقيمة والسخانات وأجيزة التكييؼ المركزية لممبنا في السردا  مع خزانات الماء ومنظومة تـ وضع كؿ معدا
ؿ تمؾ الخدمات ضمف منشو الجدار الشرقي، فالمعدات تكوف توزعت كالتوزيع الكيربا ي الر يسية فضلًا عف أجيزة معالجة المياه. و 

 . ضمف كؿ طابؽ ىنالؾ 13شكؿ ) . [Reising,2010]في المستوى السفمي منو بينما أجيزة تكييؼ المبنا تكوف بمستوى السقؼ. 
للرضية عناصر  خدمات مكشوفة تحت السقؼ تشتمؿ عما عناصر التوزيع اليوا ي والإضاءة، بينما توضع في المستوى العموي

التوزع والربط السمكي واانابي  الصغيرة. وىذا يتـ مف خلاؿ رفع اارضية الثانوية التي تستند إلا اارضية المنش ية الخرسانية. 
كؿ بحر منش ي في الفضاء الداخمي يعد منطقة حرارية مستقمة تتسمـ اليواء مف عناصر التوزيع اليوا ي السقفية. فينالؾ كما اف 

عنصر توزيع ىوا ي عالي السرعة متعدد ااحجاـ عند السقؼ، وكؿ منيا يجيز اليواء المكيؼ إلا ااسفؿ ويعود مف احدى   26)
  مف كؿ طابؽ، ولغرض تقميؿ ارتفاع السقؼ يُقسـ كؿ عنصر توزيع ىوا ي إلا عدة أجزاء مكونّة 13البحور المنش ية الػ)

تكوف منافذ النف  اليوا ية واضحة جداً مف الشرفات الجانبية الشرقية، و ، المنافذ اليوا ية وح، المحركات و )كالمرشحات اليوا ية، المرا
  [Simon,2009].وبالتالي واضحة لمعياف مف جية الميداف المقابؿ لممبنا

ر"   المبنا بانو "مركبة فضا ية لا تطيPianoتكوف الفكرة الر يسية لمخدمات ىنا ىي فكرة القشرة الخادمة حيث يصؼ )
مفتخراً في كوف المركز حقؽ اىـ أىدافو المتمثمة في تغيير صورة المتاحؼ والمراكز الثقافية مف أبنية جامدة ومعزولة عف العامة 

كما شكّؿ النجاح الذي لقيو مركز "بومبيدو" نقطة انطلاؽ لنوع جديد مف التعبيرية التي برزت فييا  إلا مبافِ متفاعمة مع الجميور.
بشكميا الظاىر، وأنابيبيا ومجاري اليواء، والسلالـ الكيربا ية و رؼ المكا ف المكشوفة، وقد وصؼ النقاد طريقة  عناصر الخدمات

مبنا "بومبيدو" ضمف   Charles Jencksالمنظّر المعماري ) إظيار الخدمات في المركز بانيا "إثارة الخدمات". في حيف صنّؼ



 بهجث رشاد شاهين                                                            أثز المنظومة الخذمية في جطورات الشكل المعماري    

 علي مجبل العذاري                                                           
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. بينما جعؿ احتفال النظام التكنولوجيدىا امتداداً لمعمارة الحديثة، واصفاً إياه بانو   التي يعHi-Techحركة التقنيات العالية )
  . [Jencks,1987,p:110]أخروف المبنا امتداداً لمعمارة الفيكتوري وحركتي )الاركغراـ والمستقبمية . 

ما توفير المرونة الكافية لاستيعا  وقد برر المعمارياف عممية الإظيار الخدماتي مف خلاؿ البحث عف أشكاؿ جديدة قادرة ع
 .وظا ؼ ومتطمبات متغيرة
 المشروع الثاني:

 (SAINSBURY CENTRE FOR VISUAL ARTS)  :1977–1976 مركز سنسبري لمفنون البصرية/ في إنكمترا
 (NORMAN FOSTER & PARTNERSتصميم/ نورمان فوستر ومشاركوه. )

 الوصف العام لممشروع: - أ
  المعزولة حيث حمؿ Claddingالاستخداـ البارز ااوؿ لمبنا عاـ مف الواح ااكساء الخارجية )يمثؿ مركز "سنسبري" 

امتاز المبنا بكونو ذي حجـ وفضاء واحد يحوي مجموعة و ىذا المبنا الشكؿ الكفوء وتبنّي المواد المنش ية الصناعية الكفوءة، 
. ويعد وضع كؿ [Bachman,2003,p:361]ف الاستخدامات العامة.الوظا ؼ الفنية ومدرسة الفنوف الجميمة فضلًا عف مجموعة م

فضاءات المبنا تحت سقؼ واحد مصدراً لتحديات متعددة منيا: الفصؿ بيف الوظا ؼ، مشكلات الآمف والخصوصية، المشكلات 
لممخطط   Foster)الصوتية. اامر الذي ولّد صعوبة في توزيع وفصؿ الفعاليات المتعددة ضمف الحجـ الواحد، وكاف اختيار 

المفتوح الكبير متسؽ مع مجموعة مف ااىداؼ، منيا محاولة تخفيض الطاقة اللازمة لمتكيؼ مف خلاؿ التخمّي عف التبريد 
  حيث تعمؿ الرطوبة العالية ومستويات درجة الحرارة العالية توثيراً سمبياً Fosterالميكانيكي قدر الإمكاف اامر الذي شكّؿ تحدّياً لػ)

 .[1،ص:2009]مجد عمر،  لمعناصر الفنية كما تمع  تمؾ العوامؿ أيضاً في التوثير عما مواد الموحات.
 مستوى منظومة الشكل المعماري: - ب

يشطر ىيكؿ النظاـ المنش ي اانبوبي  لاؼ الطبقة المزدوجة لمجدراف الطويمة وسقؼ المبنا، فالجان  الخارجي مكسو 
ـ  مف االمنيوـ الصم  واالياؼ الزجاجية، فضلًا عف وجود الواح منيا  1.2×2.4ح ذات اابعاد )بمنظومة قابمة لمتمدد مف االوا

  متحركة تكوف مركبة بسارية مستمرة ومثبتة ببرا ي.
ض أربعة صفوؼ طويمة فقط مف نوافذ الإضاءة السقفية المستمرة اف التخطيط العاـ يعر وبالر ـ مف أف كؿ االواح قابمة لمحركة إلا 

تكوف اسفؿ المحور الطويؿ لمسقؼ. ويكوف الإفريز البارز والمقوّس شفافاً ليجاري نمط الإضاءة السقفية ويستعمؿ الواح االياؼ 
 أف كما متحركة، ألمنيوـ الواح أيضاً  الداخمي  Cladding) ااكساء ويتضمفالزجاجية الشفافة للإعلاف عف المداخؿ اارضية. 

 عما لمسيطرة ليفي سمعي بغطاء مدعومة االواح تمؾ ا م  أف حيث الشمس، ضوء دخوؿ لتنظيـ رلياً  تتحرؾ السقفية االواح
 [.1:السابؽ،ص المصدر]. والانعكاسات الضوضاء

لمنش ي لمييكؿ العاـ. حيث تحوي منطقة الجدار وتوجد منطقة عناصر الخدمات بيف الطبقتيف الخارجية والداخمية ضمف السمؾ ا
ـ " عما الحمامات والمخازف الصغيرة وبعض المكات  فضلًا عف عناصر المنظومة الخدمية عند  2.1"التي تكوف بعمؽ )

صرىا مستويات الطابؽ اارضي والوسطي، بينما عند المستويات ااعما توجد المخازف الكبيرة. أما منطقة السقؼ فتُستخدَـ عنا
لمتعديؿ الضو ي حيث يتـ نشر ضوء الشمس مف خلاؿ االواح المتحركة المدارة مف قبؿ المتحسسات الضو ية تحت النوافذ السقفية 

 .[1]المصدر السابؽ ،ص: . 14خلاؿ الييكؿ المنػش ي. شكػؿ )
 مستوى عناصر منظومة الخدمات: -ج

مف خلاؿ شكؿ الجدار كتطبيؽ متجدد لمبدأ فضاءات الخادـ "سنسبري" توتي المساىمة المتميزة تكنولوجياً لمركز 
، والبي ة الخارجية والداخمية، بدلًا مف استعماؿ الجدار الرقيؽ، حيث استخدـ )   سطوح التغميؼ عما جانبيّ Fosterوالمخدوـ

ميكانيكية، ووحدات التيوية، الجدار ذي العمؽ الكبير مف الييكؿ المنش ي ويتـ استغلاؿ ذلؾ السمؾ بفضاءات الخادـ والخدمات ال
. فضلًا عف كؿ الوظا ؼ التي لا تنتمي للاستعمالات العامة لممعرض. وىذا اامر ساىـ في  15شكؿ )والمكات  والحمامات، 
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ضاءة نيارية وحجـ مشترؾ. فالييكؿ المنش ي ىنا يكوف مستغلًا في ىذا  تحرير الفضاء المركزي الكبير بوجود حركة مفتوحة واس
وتخدـ المستويات اارضية لمفضاءات حاجات المستخدميف الخاصة بينما يمثؿ السقؼ مصدراً للإضاءة سواءً الطبيعية  المخطط.

 .[Bachman,2003,p:370]أـ الصناعية. 
 . أما الحرارة HVACكما أف ستراتيجية الغلاؼ الخارجي تـ توجيييا نحو التقميؿ قدر الإمكاف مف أحماؿ التبريد وأنظمة التكييؼ )

فتوُزع عما المبنا مف خلاؿ مجمع الخدمات المركزي عما شكؿ ماء بدرجة حرارة عالية بينما يتـ دفع اليواء مباشرة مف االواح 
جمالًا ىنالؾ )   وحدة مروحية مثبتة في ثلاثة مستويات عميا مف مستويات الجدار الجنوبي. 40المثبتّة عما الغلاؼ الخارجي. واس

 . 15شكؿ )
 

 1791-1791بومبيدو سنتر في باريس ( تطبيق مفردات الإطار النظري لمبحث عمى مشروع 1جدول رقم )

 
 

المفردات 
 الخواص القيم الممكنة المفردات الفرعية الرئيسية

منظومة الشكل  أولاً 
 المعماري

طبيعة الشكل الظاىر 
 والتميّز الشكمي

 يػػر تقميػػدي، تكػػرار فػػي 
عناصػػػر التكػػػويف، تعقيػػػد 

 عالي في التشكيؿ

 جديدة في التشكيل الخارجي أشكالالاعتماد عمى 

ت 
وما
منظ

بنى
الم

 

ارتباط التكوين بطرز 
 معمارية

ارتباطو بعمارة 
  High-techالػ)

 الاعتماد عمى توجيات عمارة التقنيات العالية في المعالجة

مستوى الذاتية في 
 التصميم

ذاتيػػػة عاليػػػة فػػػي اختيػػػار 
 المعالجاتالكثير مف 

 الخروج عن المألوف في معالجاتو لمواجية

 الاعتماد عمى مقاييس الالة في العناصر مقياس لا أنساني المقياس العام لمشكل
مستوى ارتباط الشكل 
 بالجانب التكنولوجي

تػػػػػػوثر كبيػػػػػػر بػػػػػػالتطورات 
التكنولوجيػػػػػة فػػػػػي مجػػػػػاؿ 

 العمارة والخدمات

 نواحي المواد والمعالجاتالاعتماد عمى التقنيات الحديثة من 

التأثير الوظيفي عمى 
 الشكل الظاىر

عػػػػػػػػػػػػدـ بػػػػػػػػػػػػروز ااثػػػػػػػػػػػػر 
 الوظيفي في الشكؿ 

 لا يوجد ارتباط بين الشكل والوظيفة

خصوصية المكان والمحيط 
 وتأثيره الشكمي

تفػػػػػػػػػػػػػػػرد عػػػػػػػػػػػػػػػالي فػػػػػػػػػػػػػػػي 
المعالجػػػػػػػػػػات والتشػػػػػػػػػػكيؿ 

 العاـ لممبنا

 والسياق العام لمموقع المألوفالخروج عن 

استخداـ المواد المصػنعة  مستوى المواد البنائية
 الحديثة 

 الشكمي الكبير في النتاج  الأثرالمواد المستخدمة كان ليا 

ارتباط الخدمات بنوع  منظومة الخدمات
 المبنى والأثر الوظيفي

توافػػؽ عناصػػر الخػػدمات 
 مع التقسيـ الوظيفي

 في الفضاءارتباط الوظيفة الداخمية مع عناصر الخدمة الظاىرة 

المستوى التكنولوجي 
 لمنظومة الخدمات

مسػتوى تكنولػوجي وتقنػػي 
 عالي في خدمات المبنا

 ترتبط عناصر الخدمة ومعالجاتيا بالتطورات التكنولوجية بشكل وثيق

المؤثرات البيئية في 
 منظومة الخدمات

تػػػػػػػػػػػػػػػػػرتبط المعالجػػػػػػػػػػػػػػػػػات 
الخدميػػػػػػػػػػػػػػة بػػػػػػػػػػػػػػالمشثرات 

 البي ية بشكؿ كبير

 الخدمة حسب الحاجة البيئيةتنطيق عناصر 

درجة الاقتصادية في 
 المنظومة الخدمية

لا توجػد اقتصػػادية عاليػػة 
 في المنظومة الخدمية

 الاعتماد عمى مستوى عالي من التقنية في المواد والمعالجات

تأثر توزيع عناصر 
الخدمات بالحركات الفكرية 

 المعمارية

ارتباطػػو بتوجيػػات عمػػارة 
  High-techالػ)

 الاعتماد عمى توجيات عمارة التقنيات العالية في العناصر والمعالجات الخدمية

خصائص العلاقة  ثانياً 
 بين المنظومات

طبيعة العلاقة بين 
 الخدمات والشكل

علاقػػػػػة التشػػػػػابؾ وتكػػػػػوف 
 جزء مكمؿ لمتشكيؿ

 الاعتماد عمى عناصر الخدمات في الواجيات

ت 
لاقا
 الع
مل
تكا

تية
وما
منظ
ال

 

اثر كبير عما التشػكيؿ  تأثير الخدمات عمى المنظومة الشكمية
 العاـ لمواجية

بروز عناصر الخدمة 
 عمى الواجيات 

يوفر المنشأ الييكل علاقة الاتصاؿ وعلاقة  طبيعة العلاقة بين المنشأ والخدمات
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 1799–1796مركز سنسبري في إنكمترا ( تطبيق مفردات الإطار النظري لمبحث عمى مشروع 1جدول رقم )
 
 

 الساند لممنظومة الخدمية تشابؾ في وقت واحد

مستويات تكامل 
العلاقة 
 المنظوماتية

مستوى  تكامل العلاقة بين منظومتي المنشأ والخدمات
 التكامل

 يشتركان بنفس الحيز تكامؿ فيزيا ي

درجة 
 التكامل

يةةةةةةوفره المنشةةةةةةأ الإسةةةةةةناد  علاقة اتصاؿ وتشابؾ
 الخدميةلمنظم 

مستوى  تكامل العلاقة بين منظومتي الشكل والخدمات
 التكامل

تظيةةةر عناصةةةر الخةةةدمات  تكامؿ فيزيا ي
 الواجيات بنفس

درجة 
 التكامل

تنطبةةق فييةةا المنظومتةةان  علاقة تشابؾ
احةةةةةةدىما عمةةةةةةى الأخةةةةةةرى 

شةةةةةةةتركان بالمتطمبةةةةةةةات تو 
 الفضائية

مستويات تعبيرية  ثالثاً 
 النتاج

عناصةةر الخةةدمات  إظيةةار تعبيرية عالية النمط التعبيري لمعناصر الخدمية
 داخمياً وخارجياً 

ري
عما
الم
ج 
لنتا
ة ا
دائي
 وأ
رية
عبي
ت

 

 لممنشةةةةأالعةةةةالي  الإظيةةةةار تكتونية عالية درجة التكتونية في النتاج
 والتمفصل

التعبيةةةةةري لممةةةةةةواد  الأثةةةةةر تعبيرية واضحة لممواد درجة تعبيرية المادة البنائية
 المستخدمة

الأدائية 
 المنظوماتية

الإداء  مستويات أدائية عناصر المنظومة الشكمية
 الشكمي

 استخدام تشكيلات جديدة أداء تشكيمي عالي

الإداء 
 الإنشائي 

وجةةةةةود وظيفةةةةةة مشةةةةةتركة  وجود أداء منش ي 
 لعناصر المنشأ

 الإداء
 الخدمي

 توفير العزل البيئي اللازم أداء خدمي عالي

الإداء  مستويات أدائية عناصر المنظومة الخدمية
 الشكمي

العناصةةر الخدميةةة  إظيةةار أداء تشكيمي عالي
عمةةى الواجيةةات الخارجيةةة 

 لممبنى 
الإداء 
 الإنشائي 

  لا يوجد

 الإداء
 الخدمي

اسةةةةةةةةةةةةةتثمار التقنيةةةةةةةةةةةةةات  عالية أدائيةكفاءة 
الخدميةةةةةةةة العاليةةةةةةةة فةةةةةةةي 

 المبنى

 الخواص القيم الممكنة المفردات الفرعية المفردات الرئيسية 
  أولاً 

بنى
الم
ت 
وما
منظ

 

بسػػػاطة ظػػػاىرة، وتػػػوازف تكػػػويني وتكػػػرار  طبيعة الشكل الظاىر والتميّز الشكمي منظومة الشكل المعماري
 المستخدمةفي العناصر 

الاعتمةةةةةةاد عمةةةةةةى بسةةةةةةاطة فةةةةةةي التشةةةةةةكيل 
 الخارجي

 ، مع High-techارتباطو بعمارة الػ) ارتباط التكوين بطرز معمارية
 تفرّد محدود

الاعتماد عمى توجيات التقنيات العالية في 
 العديد من المعالجات

موضػػوعية عاليػػة فػػي اختيػػار الكثيػػر مػػف  مستوى الذاتية في التصميم
 الشكمية المعالجات

عةةدم الخةةروج عةةن المةةألوف فةةي كثيةةر مةةن 
 تفاصيل الواجية

 الاعتماد عمى مقاييس الأنسان  مقياس أنساني واضح المقياس العام لمشكل
تػػػػوثر كبيػػػػر بػػػػالتطورات التكنولوجيػػػػة فػػػػي  مستوى ارتباط الشكل بالجانب التكنولوجي

 مجاؿ المواد البنا ية
المةواد  استغلال التقنيات الحديثة في عمةوم

 البنائية من خلال استخدام المواد الحديثة
وجةةود ارتبةةاط نسةةبي بةةين الشةةكل الخةةارجي  بروز ااثر الوظيفي في الشكؿ الظاىر التأثير الوظيفي عمى الشكل الظاىر

 والوظيفة
تفرد عالي في المعالجات والتشكيؿ العػاـ  خصوصية المكان والمحيط وتأثيره الشكمي

 لممبنا
الخةةةروج عةةةن المةةةألوف والسةةةياق محاولةةةة 
 العام لمموقع

المةةواد المسةةتخدمة كةةان ليةةا الأثةةر الشةةكمي  استخداـ المواد المصنعة الحديثة  مستوى المواد البنائية
 الكبير في النتاج الظاىر

ارتبةةةةةاط الوظيفةةةةةة الداخميةةةةةة مةةةةةع عناصةةةةةر توافػػػػػؽ عناصػػػػػر الخػػػػػدمات مػػػػػع التقسػػػػػيـ  ارتباط الخدمات بنوع المبنى والأثر الوظيفي منظومة الخدمات
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 .الاستنتاجات والتوصيات: 8
  يج  اف يكوف ىنالؾ تحديد نوع وطبيعة الخدمات المطموبة بالاعتماد عما نوع المبنا ودرجة تعقيده وىذا يفرض إقرار كيفية

 تكامؿ منظومات الخدمات مع المنشو وعناصر البناء المختمفة وكيؼ ستظير ودرجة المرونة في المنظومات.

  مبنا ىي منتجات إنسانية تسعا لتحقيؽ ااىداؼ الإنسانية المعرفة، وموجية نحو الوصوؿ إلا يمكف عد المنظومات في أي
حموؿ لممكونات الشخصية بمقدار توثيرىا عما المنظومة ككؿ مف خلاؿ تحقيؽ ااىداؼ بربط أدا ية المنظومات مع الكؿ، 

اجزاء" والتي تتفاعؿ مع بعضيا بعلاقات حيوية تسعا وبالتالي يمكف اعتبار المبنا "ككؿ" يتكوف مف مجموعة مف المنظومات "ا
 لتحقيؽ تكويف متكامؿ.

  تعد منظومة الخدمات ابرز مكونات المبنا الر يسية والتي أثرت وبشكؿ أو ب خر في صيا ة نمط ولغة العمارة عما مدار
التطورات المتسارعة لمتكنولوجيا. بسب   تطوراتيا. حيث تُعد منظومة الخدمات مف اكثر أنظمة المبنا تغايراً بتقدـ الزمف بسب 

 الارتباط الوثيؽ والمتبادؿ بيف التكنولوجيا ومنظومة الخدمات.

 الخدمة الظاىرة في الفضاء الوظيفي
مسػػػػػتوى تكنولػػػػػوجي عػػػػػالي فػػػػػي خػػػػػدمات  المستوى التكنولوجي لمنظومة الخدمات

 المبنا
تةةةةةةةرتبط عناصةةةةةةةةر الخدمةةةةةةةة ومعالجاتيةةةةةةةةا 

 بالتطورات التكنولوجية بشكل وثيق
بػػػػػػالمشثرات توافػػػػػػؽ المعالجػػػػػػات الخدميػػػػػػة  المؤثرات البيئية في منظومة الخدمات

 البي ية بشكؿ كبير
تنطيةةةةق عناصةةةةر الخدمةةةةة حسةةةةب الحاجةةةةة 

 البيئية
لا توجػػػد اقتصػػػادية عاليػػػة فػػػي المنظومػػػة  درجة الاقتصادية في المنظومة الخدمية

 الخدمية
الاعتمةةاد عمةةى مسةةتوى عةةالي مةةن التقنيةةة 

 في المواد والمعالجات
تأثر توزيع عناصر الخدمات بالحركات الفكرية 

 المعمارية
-Highارتباطػػػػػػػو بتوجيػػػػػػػات عمػػػػػػػارة الػػػػػػػػ)

tech  
الاعتمةةةاد عمةةةى توجيةةةات عمةةةارة التقنيةةةات 
 العالية في العناصر والمعالجات الخدمية

  ثانياً 

تية
وما
منظ

ت ال
لاقا

 الع
مؿ
تكا

 

خصائص العلاقة بين 
 المنظومات

تأثير لعناصر الخدمات في لا يوجد  علاقة الاتصاؿ فيما بينيما طبيعة العلاقة بين الخدمات والشكل
 الواجيات الخارجية

لا يوجػػػد اثػػػر كبيػػػر عمػػػا التشػػػكيؿ العػػػاـ  تأثير الخدمات عمى المنظومة الشكمية
 لمواجية

 عدم بروز عناصر الخدمة عمى الواجيات 

علاقػػػػػػػػػػة التشػػػػػػػػػػػابؾ بػػػػػػػػػػيف المنظػػػػػػػػػػػومتيف  طبيعة العلاقة بين المنشأ والخدمات
 وتتداخلاف فيما بينيما 

المنشأ الحيز والييكل الساند يوفر 
 لممنظومة الخدمية

مستويات تكامل العلاقة 
 المنظوماتية

تكامل العلاقة بين منظومتي 
 المنشأ والخدمات

دا ي  مستوى التكامل  والوظيفة يشتركان بنفس الحيز تكامؿ فيزيا ي واس
لممنظومةةةةة يةةةوفر المنشةةةأ الإسةةةةناد والحيةةةز  علاقة اتصاؿ وتشابؾ درجة التكامل

 الخدمية
تكامل العلاقة بين منظومتي 
 الشكل والخدمات

تةةةةؤدي عناصةةةةر الشةةةةكل الخةةةةارجي بعةةةة   تكامؿ أدا ي  مستوى التكامل
 واجبات المنظومة الخدمية

تنطبةةةةق فييةةةةا المنظومتةةةةان احةةةةدىما عمةةةةى  علاقة التشابؾ درجة التكامل
 الأخرى وتشتركان بالمتطمبات الفضائية

  ثالثاً 

ري
عما
 الم

تاج
 الن
 ية
وأدا
رية 

عبي
ت

 

لا يوجةةةةد إظيةةةةار لعناصةةةةر الخةةةةدمات فةةةةي  لا وجود لتعبيرية العناصر الخدمية  النمط التعبيري لمعناصر الخدمية مستويات تعبيرية النتاج
 تشكيلات المبنى

 الإظيار المحدود  لممنشأ  تكتونية  ير عالية درجة التكتونية في النتاج
 الأثر التعبيري لممواد المستخدمة تعبيرية واضحة لممواد المادة البنائيةدرجة تعبيرية 

مستويات أدائية عناصر  الأدائية المنظوماتية
 المنظومة الشكمية

 استخدام تشكيلات ومواد جديدة أداء تشكيمي عالي الإداء الشكمي
  لا يوجد الإداء الإنشائي 
 العزل البيئي اللازم توفير أداء خدمي جيد الإداء الخدمي

مستويات أدائية عناصر 
 المنظومة الخدمية

عةةةةةدم إظيةةةةةار العناصةةةةةر الخدميةةةةةة عمةةةةةةى  أداء تشكيمي محدود الإداء الشكمي
 الواجيات الخارجية لممبنى 

  لا يوجد الإداء الإنشائي 
 مار التقنيات الخدمية العاليةاستث كفاءة أدائية عالية الإداء الخدمي
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 كمية واانشاء وعما المستغرؽ لمتصميـ الزمف عما إيجاباً  يشثر كونو في تكمف التي الفوا د مف العديد المبنا منظومات لتكامؿ اف 

مكانية التوسع المرونة موفرة جيد موظفة بشكؿ فضاءات عما ة الحصوؿإمكاني مع يتكامؿ وىذا المستخدمة، المواد  المستقبمي. واس

  توثير المنظومة الخدمية عما جان  الشكؿ المعماري اخذ يتزايد لسببيف أساسييف، ااوؿ يتمثؿ بظيور مبافٍ تستخدـ الخدمات
% 30ـ لمخدمات مف حيث الكمفة التي قد تصؿ إلا كتشكيؿ واضح يضاؼ إلا العمارة، أما السب  الثاني فيكمف بالدور المتعاظ

 مف الكمفة الإجمالية لممبنا.

  علاقة المنظومات مع بعضيا ىي علاقة تكاممية اذا أخذت بنظر الاعتبار "الكؿ" وتختمؼ المنظومة عف العلاقة باعتبار اف
بالكؿ، أما المنظومة فتدرس علاقة المكونات العلاقة ىي بيف عنصريف فقط. ولا تتيح دراسة العلاقة بينيما بمعرفة ارتباطيما 

 وااجزاء المتعددة بالمنظومة وتتيح معرفة تمؾ ااجزاء ضمف الكؿ.

  التركيز عما الفكر التجزي ي في حؿ المشكلات وتقسيميا إلا مناطؽ متخصصة يجعمنا بازدياد نيمؿ الموضوع الواسع والذي
 قد تعدّت العمـ والتكنولوجيا لتشمؿ مجاؿ كافة عموـ الحياة. يعطي للشياء وحدتيا، وبالحقيقة اف ىذه النظرة

  ارتباط المنظومة الخدمية عبر تطوراتيا بمفاىيـ الماكنة، خاصة ما تعمؽ منيا بالجوان  التعبيرية حيث اف التعامؿ مع الخدمات
ات المنطقية والعممية التي يمثميا يفرض عما المصمـ الكثير مف السياقات العممية والوظيفية البحتة الخاضعة بدورىا لممحدد

منطؽ الماكنة. فمنظومة الخدمات )وما ارتبط بيا مف مفاىيـ الماكنة  ليست مجرد تكويف مادي ليا بؿ تشتمؿ أيضاً عما قيماً 
 ميتافيزيقية وتعبيرية متزايدة بصورة أثرت في الكثير مف اافكار المعمارية المعاصرة.

 ة جزءاً مف الفنوف ولـ يعد ىنالؾ تحرّج مف قبوؿ تمؾ الجماليات الجديدة التي دعت إلييا أصبحت جماليات العناصر الخدمي
الكثير مف الحركات والتي بدت عند طرحيا اوؿ وىمة  ريبة عف السياؽ الفني والمعماري. فكانت فكرة )عمارة الماكنة  لا تيدؼ 

 تعبر عف الماكنة.إلا إنتاج ماكنة بقدر ما انص  جؿ اىتماميا عما إنتاج عمارة 

 .مف الضرورات التصميمية مراعاة العناصر الخدمية تعبيرياً خاصةً مع إمكانيات ودعوات إظيار تمؾ العناصر 
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  اتجاىات التمريرات الخدمية بشقييا العمودي 1شكؿ ) 
 وطبيعة المبنا واافقي والتي تعتمد بشكؿ أساسي عما نوع 

 http://www3.hku.hk/mech/sbe/case_study/case/hk/hku-bsb/bsb-index.html المصدر:

 

تشثر أنماط معينة حيث Devon Tower) في تسييؿ التمريرات الخدمية في مبنا ) (Coreأىمية الػ)( 2شكؿ )
 مف ااسالي  المنش ية في سيولة التعامؿ مع المنظومة الخدمية 

  http://media.photobucket.com/image/structural%20core%20building/gandjdunlap/DevonFloor.jpg المصدر:

 اف أجزاء مف المنظومة الخدمية كانت دا ماً تظير ، حيث (Le Corbusier)لممعمار  مبنا مرسيميا( 3شكؿ )

 http://ardourofthelayman.blogspot.com/2010_10_01_archive.htm المصدر:
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تميّز بالبساطة والشفافية وتشكيؿ فضاء مستمر لا تخترقو الذي  (Mies van der Roheلممعمار )  Farnsworthبيت ( 4شكؿ ) 
 مصمتة تمثؿ الفضاءات الخدميةسوى ااعمدة المنش ية فضلًا عف كتمة 

 ومدى اتسامو بالشفافية العالية والاختراؽ البصري (philip johnson  لممعمار )glass houseتصميـ البيت الزجاجي )( 5شكؿ )

حركة  فيإلا المجاؿ المعماري  الإنارة الصناعيةدخوؿ عناصر ( 6شكؿ )
البارز في التوثير الشكمي العامؿ الذي يعد  (Art Nouveau-)الفف الجديد

  ير المباشر لمنظومة الخدمات

 http://www.e-architect.co.uk/chicago/farnsworth_house.htm المصدر:

  http://www.ichalcarper.com/outdoor-design/philip-johnsons-glass-house المصدر:
 

 /http://www.myajade.com/light-it-up/art-nouveau-lightingالمصدر
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فكرة الملاءمة مع تمييز فضاءات الخدمات عف السياؽ مع حيث كاف السعي نحو  (Mies Van der Rohe) مبنا "سيكراـ" لممعمار( 8شكؿ ) 
 التمييز الوظيفي لعناصر المبنا

 http://www.skyscraper.org/EXHIBITIONS/FAVORITES/fav_seagram.htmالمصدر

 (Richard Rogersمنظومة الخدمات لمبنا المويدز في لندف لممعمار )(  9شكؿ )
 http://www.walklondon.com/london-attractions/lloyds-of-london.htmالمصدر: 

برج جامعة بغداد لممعمار ( 7شكؿ )
(Walter Gropius)  الذي يمثؿ

التوجيات الشا عة في توقيع 
فضاءات المكا ف الخدمية في 

 المباني العمودية 

يتبيف وجود طابؽ خاص لمخدمات. 
وذلؾ للسبا  الوظيفية والمنش ية 

 والتعبيرية 

 المصدر: الباحث
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 وضع الخدمات في كتمة مستقمة بعيدًا عف فضاءات الموظفيف .(Frank Lloyd Wrightمبنا "شركة لاركف" لممعمار )( 10شكؿ ) 
 http://www.carusostjohn.com/media/artscouncil/history/taylorist/index_02.htmlالمصدر: 

 

فكرة و  1947( Frank Lloyd Wright) مبنا شركة جونسوف لممعمار( 11شكؿ ) 
حولو الفضاء لوضع الخدمات وعناصر الحركة في قم  المبنا وترؾ  القم  الخرساني

 يمكف تقسيمو بوي شكؿ حراً 
 http://www.greatbuildings.com/cgi-bin/gbi.cgi/Johnson_Wax_Building.html/cid_johnson_wax_002.gbi المصدر:

 

مبنا بومبيدو سنتر في باريس ( 12شكؿ )
 (Renzo Piano  و)Richard Rogersف )لممعمارييّ 

 http://web.france.com/places/centre_georges_pompidou_paris المصدر:

 

 الواجهة الأمامية للمبنى
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 (Renzo Piano  و)Richard Rogers) لمبنا بومبيدو سنتر في باريس لممعمارييف الخدماتمنظومة ( 13شكؿ )

عناصر الخدمات الظاهرة في 

 مستوى سقف المبنى

 /http://www.placesinparis.com/centre-pompidou المصدر:

 (Norman Fosterمنظومة الشكؿ المعماري لمركز سنسبري لمفنوف البصرية/ في إنكمترا لممعمار )( 14شكؿ )
 /http://www.flickr.com/photos/martinrp/323106894/sizes/z/in/photostream المصدر:

 

 (Norman Fosterلمركز سنسبري لمفنوف البصرية/ في إنكمترا لممعمار ) الخدماتمنظومة ( 15شكؿ )

تطبيق متجدد يمثل شكل الجدار 
 والمخدوملمبدأ فضاءات الخادم 

 

 استغلال السمك

الكبير لجدار 

الهيكل المنشئي 

فضاءات الخادم ل

والخدمات 

 الميكانيكية

السقف مصدراً للإضاءة 

 سواءً الطبيعية أم الصناعية

 http://en.wikiarquitectura.com/index.php/Sainsbury_Center_for_Visual_Arts المصدر:
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 تصنيع ودراسة اداء الاسطح الانتقائية المستخدمة في اللاقطات الشمسية المسطحة
 

 زينب بهجة كريم                          د. قصي جهاد عبد الغفور                                              د. طالب كشاش مرتضى
 استاذ مساعد                 استاذ مساعد                                      

               قسم هندسة المكائن والمعدات                                     قسم هندسة المكائن والمعدات    
                                 الجامعة التكنولوجية                  الجامعة التكنولوجية                            

 
 الخلاصة

في المجمعات الشمسية لأساس من  تستخدمفي ىذا البحث تم إجراء دراسة عممية لإختبار الأداء الحراري لأسطح إنتقائية 
الحديد والحديد المغمون والألمنيوم المتوفر تجارياً، حيث تم عممياً طلاء العينات بطريقتين ىما الطلاء الكيربائي والرش 

غير الكيميائي الحراري. وتمت مقارنة الأداء الحراري ليذه العينات مع عينة بدون طلاء وعينة أخرى مطمية بطلاء أسود و 
بالنسبة لعينات الطلاء الكيربائي تم دراسة الأداء بتغيير عدة محددات وىي زمن التغطيس بحوض  تجاريا. مع متوفرلا

الكيربائي ونسبة مساحة وجو واحد لمعينة )الوجو الكبير لمعينة( الى مساحة وجو واحد  الطلاء، البعد بين القطبين, كثافة التيار
. أما عينات الرش الكيميائي الحراري فقد تم طلائيا بتغيير زمن الطلاء، ضغط غاز لمقطب )الوجو الكبير لقطب النيكل(

الترذيذ، البعد بين فتحة المرذذ وسطح العينة وكمية الجريان لممحمول المستخدم. بينت النتائج إن أفضل أداء ضمن عينات 
ك بطلاءً كيربائياً حيث كان زمن الطلاء دقيقتين الحديد يعود لمعينة التي تم طلاؤىا بطبقتي طلاء, الأولى ىي طبقة من الزن

( A/dm2 0.15( وكثافة تيار )cm 6( دقيقة وببعد بين القطبين )20والثانية طبقة من النيكل الأسود وبزمن طلاء قدره )
لعينة (. إذ بمغت نسبة الزيادة في الخزن الحراري 1ونسبة مساحة وجو واحد لمعينة الى مساحة وجو واحد لمقطب تساوي )

 نياية فحصيا وعند (%58.23) بداية فحص اداء العيناتالطلاء الكيربائي إلى عينة الحديد المغمون بدون طلاء عند 
)كمية الحرارة المخزونة( يعود لعينتين أحداىما عينة بطلاء كيربائي  بالنسبة لعينات الألمنيوم كان أفضل أداء .(.(44.97%

( دقيقة وبإستخدام 20حيث إن عينة الطلاء الكيربائي قد تم طلاؤىا بالنيكل الأسود لمدة )والاخرى عينة برش كيميائي حراري، 
( ونسبة مساحة وجو واحد لمعينة الى مساحة وجو واحد لمقطب cm 6( والبعد بين القطبين )A/dm2 0.15) تيار ذو كثافة

( ثانية، 16لنيكل الأسود عندما كان زمن الطلاء )(. أما عينة الرش الكيميائي الحراري فقد تم طلاؤىا بطبقة من ا1تساوي )
( و درجة bar 1( و ضغط غاز الترذيذ ).ml/min 4.8( و كمية الجريان )cm 27والبعد بين فتحة الخزان وسطح العينة )

 (.0C 290حرارة سطح العينة )
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ABSTRACT 

      In this research an experimental study has done for testing the thermal performance of 

selective surfaces used in solar collectors for substrate of iron, galvanized iron and aluminum 

which are commercially available. The coating process for the samples has done in two ways, 

the electroplating and the chemical spray pyrolysis. The results of the thermal performance test 

of these samples are comparing with the thermal performance of a sample without paint and 

other paint with black paint without shines commercially available. For the electroplated 

samples, the performance study has done for different immersion time in plating bath, the 

distance between electrical poles, the current density, and area ratio of the sample plated area to 

the nickel pole face area. The chemical sprayed pyrolysis samples, study has done for different 

coating times, atomizing gas pressures, distance between the aperture of atomizer and the 

sample and the paint mass flow rate. The results showed that the best performance of the iron's 

samples is the sample which is coated with two layers. The first layer is of zinc done by 

electroplating where the time of plating is (2 min.) and the second layer is of black nickel done 

by electroplating, where the time is (20 min.), the distance between the poles is (6 cm), the 

current density is (0.15 A/dm
2
) and area ratio of the sample plated area to the nickel pole face 

area is equal to (1). The percentage of the increasing in heat storage of electroplating sample to 

galvanized iron sample without paint at the beginning of testing the performance of samples and 

at the end were (58.23%& 44.97%) respectively. For aluminum samples, the best performance 

was regarded for two samples electroplating sample and chemical spray pyrolysis sample. The 

best electroplating sample was coated with a layer of black nickel where the time of plating is 

(20 min.), the distance between the poles is (6 cm), the current density is (0.15 A/dm
2
) and area 

ratio of the sample plated area to the nickel pole face area is equal to (1). While the best 

chemical spray pyrolysis sample has been coated with a layer of black nickel where the time of 

plating is    (16 sec.) and the distance between the aperture of the reservoir and the surface of the 

sample is (27 cm), the amount of flow is (4.8 ml / min.), the atomizing gas pressure is (1 bar) 

and temperature of the sample surface is (290 0C).  

 

            ، الاسطح الانتقائية، الطلاء الكهربائي،اللاقط المسطح ،المجمعات الشمسية -الكممات الرئيسية:
 .الحراري الرش الكيميائي
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 المقدمة
تم إستخدام الطاقة الشمسية في مجالات شتى من ضمنيا السخانات الشمسية ذات الأسطح المستوية التي ىي عبارة عن 
مجمعات شمسية حرارية تقوم بتحويل الطاقة الشمسية الى طاقة حرارية، وىذه المجمعات إقتصادية وبسيطة في تصميميا ومتطمبات 

ن  ىو السطح المستوي الماص الذي يقوم بإمتصاص الأشعة الشمسية وتحويميا الى حرارة المجمعات  هليذ الجزء الاىمصيانتيا، وا 
ونقميا الى مائع العمل. من أجل ذلك تم التوجو الى صناعة الأسطح الانتقائية والتي ىي عبارة عن أسطح ماصة للأشعة الشمسية 

 ل ما يمكن.اق ( ε) ليا أعمى ما يمكن وقيمة الانبعاثية( α) تكون قيمة الإمتصاصية
 -عمد العديد من الباحثين الى تحسين اداء المجمعات الشمسية بطرق عديدة منيا :

طلاء السطح الماص بطرق مختمفة منيا الطلاء الكيربائي والرش الكيميائي الحراري وغيرىما، ومن الميم مراعاة التصاقية  -1
 الطلاء بالعينة ومدى مقاومتو لمظروف الجوية المختمفة.

 ير شكل السطح الماص.تغي -2
 

دراسة مفصمة عن التركيب والخواص البصرية والحرارية لسطح ، [Gogna & Chopra, 1979]أجرى الباحثان             
الطلاء الكيربائي وكانت محتويات الحوض ممح  انتقائي من النيكل الاسود عمى اساس من الحديد المغمون وذلك باستخدام طريقة

( ph = 4.5 - 6) تم تغيير محددات الترسيب والتي تشمل الحامضية وايونات الامونيوم وايونات الثايوسيانات.  النيكل وممح الزنك 
Current Density =(0.5-8) mA\cm)وكثافة تيار (Solution  Temperature =(30-60)˚C)ودرجة حرارة الحوض 

2 
وذلك في  (

( مع زمن التغطيس بالحوض وسمك ε( والانبعاثية )αتغير الامتصاصية )( يوضح 1محاولة لتحسين الخواص البصرية. الشكل )
وىي  (Saturation Value) سرعة الى ان تصل الى قيمة التشبعالطلاء حيث نلاحظ ان بزيادة سمك الطلاء تزداد الامتصاصية ب

(α=0.95 والانبعاثية تزداد بصورة بطيئة لسمك يصل الى )(0.41μm)  وتم الحصول عمى امتصاصية ، يعةوبعده تكون الزيادة سر
 ( وكثافة التيار5.8( وحامضية المحمول )C˚40( عندما كانت درجة حرارة الحوض )ε=0.09( وانبعاثية قيمتيا )α=0.94مقدارىا )

(3.5 mA\cm
2

). 
 

دراسة عممية مفصمة عن التركيب والخواص البصرية  [Madhusudan & Sehgal, 1982]أجرى الباحثان 
لسطح إنتقائي من النيكل الأسود عمى أساس من الحديد المغمون والألمنيوم المتوفرين تجاريا بإستخدام طريقة بسيطة وغير والحرارية 

مكمفة ىي طريقة الرش الكيميائي الحراري، وكانت مكونات محمول الرش ىي الثايوريا ونترات النيكل. تم تغيير عدة محددات ىي 
( ونسبة ε( والإنبعاثية )α، وكمية الجريان، ونسبة الخمط لممحمول، وتم رسم الإمتصاصية )درجة حرارة سطح المسخن الكيربائي

(. بينت النتائج أن أفضل 2( بوصفيا دالة مع سمك الطلاء كما ىو موضح في الشكل )ε/αالإمتصاصية الى الإنبعاثية )
( لأساس من 1000C ε=0.14والإنبعاثية ) (μm 0.23)( عندما كان سمك الطلاء α=0.92إمتصاصية تم الحصول عمييا ىي )

(  1000C ε=0.13والإنبعاثية ) (μm 0.25)سمك الطلاء ل (α=0.90الألمنيوم، وأن أفضل إمتصاصية تم الحصول عمييا ىي )
  ( ونسبة خمط المحمول290 ˚C)   ±(C˚ 2) درجة حرارة سطح المسخن الكيربائيالحديد المغمون وذلك عندما كانت لأساس من 

(M/2 Nickel nitrate :M/2 Thiourea) (. 1.28 : 1) ىي 
استخدام محمول النيكل الأسود ب –ستخدام الطلاء الكيربائي لترسيب طبقة من النحاساب [John, 1994] الباحث قام

خلات  و (20g/l) (Copper Sulphate) لنحاسكبريتات ا و (40g/l) (Sulphate Nickel) كبريتات النيكل  من الكتروليتي مكونا
 ومقدار حامضية  (C˚35). واجريت عممية الطلاء في محمول عند درجة حرارة (15g/l)  (Ammonium Acetate)الامونيوم
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(ph=5.5 )4) وتم تجييز اقطاب جياز الطلاء بتيار كيربائي كثافتوA/dm
 . أظيرت النتائج ان قيمة( ثانية30) تغطيسوزمن ( 2

 (. 0.10( تصل إلى )ε( والانبعاثية الحرارية )0.98تصل إلى )( α) الامتصاصية للأشعة الشمسية
بدراسة خصائص الطلاء الكيربائي لمنيكل الأسود باستخدام محاليل تحتوي  [Wackelgard, 1998] قام الباحث
( αحيث تم الحصول عمى امتصاصية ) (Sodium Chlorine)وكموريد الصوديوم Nickel Chlorine))  عمى كموريد النيكل

(. تم اختبار استقرارية الطلاء تحت ظروف رطوبة عالية وقد وجد أن الامتصاصية 0.10( مقدارىا )ε( وانبعاثية )0.96قيمتيا )
تتغير خلال الساعات الأولى من التعرض لمرطوبة ولكنيا بعد ذلك تستقر، ومن ذلك تم التوصل إلى أن طلاء النيكل الأسود مقاوم 

 رطوبة.لدرجات الحرارة العالية وال
مما سبق يتبين ان عممية صناعة الاسطح الانتقائية للاقطات الشمسية ذات الاسطح المستوية امر اساسي لتحسين الاداء، وييدف 
البحث الحالي الى بناء منظومة تصنيع اسطح انتقائية لاساس من الحديد والحديد المغمون والالمنيوم المتوفر تجاريا بطريقتين ىما 

ي والرش الكيميائي الحراري وذلك باستخدام محاليل طلاء ذات تراكيز تختمف عن التراكيز المذكورة في البحوث الطلاء الكيربائ
 السابقة.

 
 الجانب العممي

 منظومة الطلاء الكهربائي -1
            ( وتتكون من الاجزاء التالية: 3موضحة بالشكل ) أجزاء منظومة الطلاء الكيربائي المستخدمة

 .(3A)و( 30V( ذو مواصفات )Digital( من النوع الرقمي )Power supply) قدرةمجيز  -1
 (. cm 18) ( وارتفاعcm 17.8( مصنوع من البلاستك اسطواني الشكل ذو قطر )Bathحوض ) -2 
 أعمدة تثبيت مصنوعة من البلاستك لتثبيت كل من القطبين عمى الحوض. -3
 .أسلاك توصيل من النحاس -4 

وزارة الصناعة والتصنيع العسكري ،المعهد [ (1حوض الطلاء بالنيكل الأسود موضحة بالجدول )إن مكونات 
( من محمول الطلاء وذلك بخمط كل من كموريد النيكل l 2.5بداية تم تحضير )ال في .]9191، المتخصص لمصناعات الهندسية

(Nickel chloride) وكموريد الامونيوم (Ammonium chloride) ( وثايوسيانات الصوديومSodium thiocyanate مع )من  كمية
من الماء المقطر عند درجة  كمية ( يخمط معZinc chlorideأما كموريد الزنك )عمى حدة، ء المقطر حيث إن كل مادة تخمط الما
المقطر لإكمال الحجم إلى  ( وبعد التأكد من ذوبان كل مادة جيدا بالماء تم خمطيا معا وقيس الحجم وأضيف الماء0C 40) حرارة

(2.5 l( بعد ذلك بعدة ساعات قيست حامضية المحمول وكانت بحدود .)ph=4.3.) 
 

 ( Chemical Thermal Spray Pyrolysis)منظومة الرش الكيميائي الحراري  -2

الكيربائي والمزدوج ( والمسخن atomizerتتألف منظومة الرش الكيميائي الحراري من عدة أجيزة بسيطة وىي المرذذ )
الحراري والقارئ الرقمي لدرجة الحرارة وجياز السيطرة عمى درجة الحرارة واسطوانة غاز النتروجين ومنظم لمتحكم بضغط الغاز، رتبت 

ن ( بحيث يمكن الاستفادة منيا في رش العينات، بالاضافة الى وجود مروحة لإزالة الأبخرة المتكونة من الرش، وا  4كما في الشكل )
(. صنع المرذذ محميا من الزجاج الاعتيادي، يحتوي عمى خزان اسطواني 5أىم جزء في ىذه المنظومة ىو المرذذ الموضح بالشكل )

رتفاعو ) (cm 4( مفتوح من الأعمى بفتحة قطرىا )ml 110بسعة ) ( يوضع فيو المحمول المراد رشو، وىذا الخزان متصل cm 9وا 
(، تحيط ىذه الأنبوبة غرفة زجاجية 0.1cmحكم بمقدار المحمول الساقط إلى أنبوبة شعرية قطرىا )من الأسفل بصمام الغرض منو الت
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منتفخة ذات شكل مخروطي مغمقة من جية الصمام ومفتوحة من الأسفل بحيث تحيط بفتحة الأنبوبة الشعرية لتكون الفتحتان في 
ية تسمح بمرور الغاز المضغوط داخميا والذي يعمل عمى خمخمة النياية بمستوى واحد، وتحتوي الغرفة الزجاجية عمى فتحة جانب

الضغط داخل الغرفة الزجاجية وبالتالي تحويل القطرة الساقطة من الأنبوبة الشعرية إلى رذاذ مخروطي الشكل بإتجاه العينة المراد 
في أن تكون نياية الأنبوبة الشعرية في ترسيب المحمول عمييا، ومن العوامل الميمة التي يجب مراعاتيا في تصميم المرذذ الدقة 

منتصف نياية الغرفة الزجاجية، وان يكون سطحيا الداخمي خاليا من الخدوش أو التكسرات، ويثبت المرذذ عمى حامل معدني 
(Holderيمكن التحكم من خلالو عمى ارتفاعو العمودي ) ويثبت أيضا بالحامل ويكون في أسفل المرذذ قدح الغرض منو جمع ،
 طرات المحمول المنسابة من المرذذ أثناء مدة التحكم بفتح وغمق الصمام.ق

 الرش الكيميائي الحراري تحضير المحمول المستخدم في جهاز  -3
( وىي مادة عمى شكل مسحوق اخضر Ni(NO3)2لتحضير محمول الطلاء بالنيكل الاسود إستعممت مادتا نترات النيكل )

( وىي مادة عمى شكل مسحوق أبيض المون وزنيا NH2SCNH2(، وكذلك مادة الثايوريا )g/mol 182.71المون وزنيا الجزيئي )
 (.1.28 : 1( ىي )M/2 Nickel nitrate :M/2 Thiourea(. بنسبة خمط )g/mol 76.12الجزيئي )

الماء المقطر ( من ml 25)ي ( من نترات النيكل المذابة فg 2.2840محمول الرش بدرجة حرارة الغرفة اذ مزج )تم تحضير 
( من الماء المقطر. ولمحصول عمى الوزن المراد إذابتو لممادتين في أعلاه تم 32ml) ( من الثايوريا المذابة في1.2179gمع)

 : ]9191 و آخرون، عوض [(1المعادلة )استعمال 

M = ( Wt/ Mwt).(1000/ V)                                                                                             (1)  

 
 حيث ان :

M( مولارية المادة :mol/l. ) 
MWt( الوزن الجزيئي لممادة :g/mol. ) 

V( حجم الماء المقطر الذي تمت فيو الاذابة :ml. ) 
Wt( الوزن المطموب اذابتو :g.) 

 وبعدىا يكون جاىزا لوضعو في خزان المرذذ.وبعد اكمال عممية الإذابة يترك المحمول المحضر لعدة ساعات، 
 
 طريقة الإختبار -4

( واما القطب السالب .P.Sبداية ربطت منظومة الطلاء وتم اخذ قطعة من النيكل وربطت بالقطب الموجب لمجيز الطاقة )
المجموعة الاولى كانت ذات سية يئقسمت العينات الى ثلاث مجموعات ر (  فقد ربط بالعينة )النموذج المراد طلاءه(. .P.Sلجياز )

مساحة مساوية تقريبا لمساحة الانود )القطب الموجب( والمجموعة الثانية ذات  مساحة تقدر بضعف مساحة الانود والمجموعة الثالثة 
( cm 3( ومن ثم قمل الى )cm 6ذات مساحة تصل الى ثلاثة اضعاف مساحة الانود. اما البعد بين الانود والكاثود تم اخذه بحدود )

 وذلك لدراسة تأثير البعد بين الانود والكاثود عمى خواص الطلاء.
وزارة الصناعة والتصنيع العسكري ،المعهد المتخصص لمصناعات [( دقيقة 30زمن الطلاء )زمن التغطيس بالحوض( ىو ) 

أيضا تم دراسة  ( دقيقة.40,30,20، ولكن لدراسة تأثير ىذا المتغير تم اختبار العينات لزمن تغطيس ىو )]1191، الهندسية
تم دراسة تأثير  الألمنيومبالنسبة لسبائك  .تأثير تغير كثافة التيار وذلك لممجموعتين الثانية والثالثة فقط لعدم تجانس الطلاء في كمييما

زيت من طلائيا بينات بعد الانتياء تم تغطيس جميع العطيس والبعد بين الانود والكاثود. تغير كل من كثافة التيار و زمن التغ
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وزارة الصناعة [وذلك لملء الفجوات التي من الممكن ان تكون قد تكونت وبذلك تعمل كطبقة حماية لمطلاء محركات الديزل
 .]9191، والتصنيع العسكري ،المعهد المتخصص لمصناعات الهندسية

 
 منظومة إختبار أداء العينات -5

سطحيا عند  بدء تعريضيا لاشعة الشمس وبعد تعريضيا لاشعة الشمس بفترة لاختبار اداء العينات تم قياس درجة حرارة 
زمنية وذلك لحساب كمية الحرارة المخزونة في كل عينة والمقارنة بينيا وبين عينة بدون طلاء واخرى مطمية بطلاء اسود بدون لمعة 

 -ن الاجزاء التالية:( يوضح المنظومة والتي تتكون م6لشكل )ا م توجيو المنظومة باتجاه الجنوب.وت
 (.215x83 cmإطار حديدي مستطيل الشكل أبعاده ) -1
 (.190x83 cmلوح خشبي أبعاده ) -2
 (.200x93 cmعازل حراري أبعاده ) -3
 أربعة قطع حديدية لتثبيت كل من الموح الخشبي والعازل الحراري عمى الاطار الحديدي. -4
 ( تُربط مع الإطار الحديدي بحيث تسمح بحرية حركتو حركة دورانية.Tحرف )( عمى شكل مقموب 2قاعدة حديدية وعددىا ) -5

، وتم قياس درجة حرارة سطحيا بعد مرور ساعة، حيث تم أخذ خمسة )السميكون( تم تثبيت العينات عمى السطح العازل بمادة لاصقة
والمقارنة وتم تقسيم العينات الى مجموعات  ر( بعد الظي04:30( ظيرا وحتى ما يقارب )12:00قراءات لكل عينة بدأ من الساعة )

فيما بينيا من حيث كمية الحرارة المخزونة فييا بعد ذلك تم إختيار العينة الفضمى من كل مجموعة والمقارنة فيما بينيا لمعرفة العينة 
لعينات التي تم استخداميا ( ا7، ويوضح الشكل )الفضمى من حيث الاداء وتحديد ظروف الطلاء الامثل لتحسين اداء ىذه العينات

 ( عممية فحص لجميع العينات. 33، وتم اجراء )لتي تم استخداميا لكل طريقة طلاءوطريقة طلائيا والمتغيرات ا
 

 أجهزة القياس المستخدمة
 درجة الحرارة  -1
تم حيث ( Kمزدوج حراري نوع ) تم استخدام فيو (Zinc chlorideكموريد الزنك )الماء المراد اذابة  لقياس درجة الحرارة   

ومدى درجات الحرارة الممكن  .(8كما ىو موضح بالشكل) ذو قناتين ( Digital thermometer)  ربطو بجياز قياس درجة الحرارة
، تم اجراء عممية معايرة لو وذلك بوضع متحسس المزدوج الحراري في اناء يحتوي (0C 1200) ( الى0C 4-قياسيا بو يتراوح من )

 (Digital thermometer( اما جياز قياس درجة الحرارة )0C 0.0عمى ماء مقطر مع جريش الثمج فكانت قراءة المحرار الزئبقي )
 Digital( ومن ثم سخن الماء الى درجة الغميان فكانت قراءة المحرار الزئبقي وجياز قياس درجة الحرارة )0C 2فكانت قراءتو )
thermometer( )0C 100 .) 

 معتمدة عمى القراءتين في اعلاه : (3(و)2) خطية ةلال النتائج تم الحصول عمى معادلمن خ
 

y = a + bx                                                                                                               (2) 
 
y = 2 + 0.98 x                                                                                                         (3)  
                                                   

 حيث ان:
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a   و 2ىيb  ( يوضح مخطط المعايرة لممزدوج الحراري.8والشكل ) .0.98ىي 
  قياس الحامضية -2

وذلك باخذ عينات من المحمول المستخدم  (ph meterالطلاء الكيربائي بجياز ) تم قياس حامضية المحمول المستخدم في
ضية محمولين من ( وذلك بإستخدامو لقياس حامph meter) (. تمت معايرة جياز9لقياسيا بيذا الجياز كما ىو موضح في الشكل )

تم غسل متحسس الجياز بالماء المقطر، وبعد (. بداية 6و  4) ( قيمة الحامضية ليما ىيBuffer solutions)المحاليل المنظمة 
ذلك تم تجفيفو حتى لا يؤثر عمى قيمة الحامضية لممحمول المطموب فحصو، وضع متحسس الجياز في وعاء يحتوي عمى المحمول 

التجربة  (. بعد ذلك تم غسل المتحسس لمجياز بالماء المقطر واعيدت4( وكانت قراءة الجياز )4المنظم الذي قيمة الحامضية لو )
(، بعدىا تم غسل متحسس الجياز 6( وكانت قراءة الجياز )6السابقة ولكن باستخدام المحمول المنظم الذي قيمة الحامضية لو )

( ىي القيمة الحقيقية ph meterبالماء المقطر وذلك لممحافظة عمى نظافتو. من ذلك يتضح أن قيمة الحامضية التي يقيسيا جياز )
 مطموب فحصو.   لحامضية المحمول ال

 
 عيناتقياس كتمة ال -3

ن ليذا الميزان حيزاً مغمقاً مصنوع(g 4-10ذو دقة قراءة ) تم إستخدام ميزان حساس لقياس كتمة العينات اً من البلاستك ، وا 
والتأثير عمى لدخول ولمنع تيارات اليواء من ا الخارجي دقائق قد تكون موجودة في المحيط دخول ( وذلك لمنع11مبيناً في الشكل)

ن أقصى وأقل كتمة يمكن قياسيا بو تصل  .قراءة الجياز ىذا الحيز لو بابان جانبيان وباب من الاعمى لإدخال العينة منو وا 
( عمى التوالي، وىناك أيضاً فقاعة ىوائية خمف الجياز حيث تعتبر جزء من معايرة الجياز، و يجب g 0.0005( و )g 220إلى)

( عمى المنصة داخل g 200في الوسط. بعد ذلك تم معايرة الجياز بوضع عينة قياسية )معمومة الكتمة( كتمتيا )أن تبقى ىذه الفقاعة 
(. من ذلك يتضح أن القيمة التي يقرؤىا الجياز ىي القيمة g 200الحيز المغمق واغمقت الأبواب، وبعد فترة كانت قراءة الجياز)

 الحقيقية لكتمة العينة المطموب فحصيا. 
 
 معايرة جهاز قياس درجة حرارة سطح العينات -4

( حيث تتراوح مدى درجات الحرارة الممكن 11تم استخدام الجياز الموضح في الشكل ) لقياس درجة حرارة سطح العينات
من صحة قراءة  ولمتأكد ،(technoterm 5500( وكانت اسم الشركة المصنعة لو )0C 700( الى )0C 50-قياسيا بو من )

لثمج فكانت قراءة المحرار بوضع متحسس الجياز في اناء يحتوي عمى ماء مقطر مع جريش ا اجريت عممية المعايرة الجياز
( و من ثم سخن الماء الى درجة الغميان فكانت قراءة 0C 1.9 -( اما جياز قياس درجة الحرارة  فكانت قراءتو )0.00C)يالزئبق

 (. 0C 98.3)  ( و قراءة جياز قياس درجة الحرارة 0C 94) المحرار الزئبقي
 معتمدة عمى القراءتين اعلاه : (5(و)4)من خلال النتائج تم الحصول عمى معادلة خطية

 
y = a + bx                                                                                                        (4) 
      
y = - 1.9 + (501/470) x                                                                                       (5) 
  

 حيث ان: 
 a  و  1.9 –ىيb  (501/470) .ىي 
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 .( يوضح مخطط المعايرة لجياز قياس درجة حرارة سطح العينات11الشكل )
 حساب النتائج

 المخزونة في العينةكمية الحرارة معدل  -1
 لممعادلة التالية: تبعاً  في العيناتتم حساب كمية الحرارة المخزونة 

 ( ادناه:7(و)6وكما في المعالتين ) كمية الحرارة المفقودة منيا –كمية الحرارة المخزونة في العينة = كمية الحرارة الساقطة عمى سطحيا
 

Q = Qsolar – QLosses                                                                                                                (6) 
                 
   =   Qsolar – (QConv. + QRad.)                                                                                                    (7) 
 

 التالية: (8) تعذر قياس الاشعاع الشمسي والانبعاثية لمسطح تم استخدام المعادلة ولكن بسبب
 

Q = m.C.∆T/∆t                                                                                                                    (8) 
 

 الزيادة في الخزن الحراريب نسب حسا -2
=  )  عند بداية فحص اداء العنيات اكبر نسبة زيادة في الخزن الحراري

أكبركمية حرارة مخزونة  في العينة  أكبركمية حرارة مخزونة في العينة بدون  طلاء  
أكبركمية حرارة مخزونة في العينة 

  )x 111%        (9) 

 أقل كمية حرارة مخزونة  في العينة  أقل كمية حرارة مخزونة في العينة بدون  طلاء)  = عند نياية فحص اداء العيناتزيادة في الخزن الحرارياصغر نسبة 
  اقل كمية حرارة مخزونة في العينة  

  )x 111%  (10)

  

 النتائج والمناقشة
م بداية تقسيم العينات الى يا مع زمن قياس درجة حرارة سطحيا، وتفي عينات البحث ورسم حساب كمية الحرارة المخزونةتم 
من كل مجموعة والمقارنة  الفضمىوالمقارنة فيما بينيا من حيث كمية الحرارة المخزونة فييا بعد ذلك تم إختيار العينة  مجموعات

ظروف طلاء كل ، وان الطلاء الامثل لتحسين اداء ىذه العينات من حيث الاداء وتحديد ظروف الفضمىفيما بينيا لمعرفة العينة 
( والحديد 3&1,2( العلاقة بين كمية الحرارة المخزونة في عينات الحديد )12الشكل ). يبين (2عينة موضحة في الجدول )

عينات الحديد مما يدل ( مع الزمن، وكما نلاحظ من الشكل ان ىناك تقارباً في اداء Black paint &Without paintالمغمون )
عمى ان زمن الطلاء )سمك الطلاء( بالزنك والكروم لم يكن لو تأثير كبير في اختلاف اداء ىذه العينات عن بعضيا البعض عند 

( دقيقة. ان عينات الحديد سجمت ارتفاع في كمية الحرارة المخزونة فييا ومن ثم ىبوطاً 20ثبوت زمن الطلاء بالنيكل الاسود )
في ىذه الكمية مما يدل عمى ان قيمة الانبعاثية ليا عالية مقارنة بقيمتيا لعينات الحديد المغمون وقد يرجع ذلك الى وجود سريعاً 

طبقة الكروم التي تم ترسيبيا عمى عينات الحديد مما جعل قيمة كمية الحرارة المخزونة فييا اعمى، وان افضل اداء ضمن ىذه 
ن 1المجموعة كان لمعينة ) في العينات كانت بسبب حدوث انخفاض في درجة حرارة   ةالسالبة لكمية الحرارة المخزون القيمة(، وا 

 .سطحيا
مع  (Black paint &1,11,35,51,Without  paint)( يوضح العلاقة بين كمية الحرارة المخزونة في العينات 13الشكل )

سابقة تبعا لتصنيف العينات مع عينة من الحديد المغمون بدون الزمن،  تم اختيار العينة الفضمى من حيث الاداء من مجموعات 
حيث سجمت اعمى كمية حرارة مخزونة فييا ( 11طلاء والمقارنة فيما بينيا, وكما نلاحظ من الشكل ان افضل اداء كان لمعينة )
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الاخرى. من ذلك يتبين ان افضل  اتمما لمعينوان ىناك ىبوطاً سريعاً في ىذه الكمية مما يدل عمى ان قيمة الانبعاثية ليا اعمى 
اداء لعينات الحديد بوصفيا أسطحاً انتقائية ىو بطلائيا بطبقة من الزنك بطريقة الطلاء الكيربائي )وليس بطريقة الغمونة( ومن ثم 

ات المذكورة سابقا طلائيا بالنيكل الاسود بطريقة الطلاء الكيربائي ايضا. نلاحظ ايضا من اليبوط في كمية الحرارة المخزونة لمعين
( مما يدل عمى ان قيمة الامتصاصية 11ان قيمة الانبعاثية يمكن ان تكون متقاربة فيما بينيا ولكن افضل اداء كان يعود لمعينة )

ليا اعمى منيا في العينات الاخرى وىذا ما حسن من ادائيا، وقد بمغت نسبة الزيادة في الخزن الحراري ليذه العينة )عينة الطلاء 
. كما (.(%44.97 نياية فحصيا وعند (%58.23) بداية فحص اداء العيناتلكيربائي( إلى عينة الحديد المغمون بدون طلاء ا

( أن كمما كانت نسبة الاداء عند بداية الفحص أكبر ما يمكن ىذا يعني أن اعمى كمية حرارة مخزونة في 13نلاحظ من الشكل )
دون طلاء اي ان ادائيا في ىذه الفترة جيد وىناك تحسن في اداء ىذه العينة، وأن كمما ( ىو اكبر منيا في العينة ب11العينة )

( أقل منيا في العينة بدون 11كانت نسبة الاداء عند نياية الفحص أقل ما يمكن ىذا يعني أن كمية الحرارة المفقودة من العينة )
 طلاء.

 Without  paint& Black ,54,55,56,57) في عينات الالمنيومارة المخزونة ( يوضح العلاقة بين كمية الحر 14الشكل ) 
paint) ( مع الزمن، وكما نلاحظ من الشكل ان افضل اداء كان لمعينةWithout paint حيث سجمت اعمى كمية حرارة مخزونة )

( مما يدل عمى ان Black paintفييا مقارنة بالعينات الاخرى،  وان ىناك ىبوطاً سريعاً في كمية الحرارة المخزونة في العينة )
قيمة الانبعاثية ليا عالية مقارنة بالعينات المتبقية. نلاحظ ايضا ان ىناك تقارباً في اداء العينات التي تم طلاؤىا بالنيكل الاسود 

( دقيقة والبعد 30مما يدل عمى انو لم يكن لتغيير كثافة التيار تأثير كبير عمى اداء العينات بثبوت زمن الطلاء بالنيكل الاسود )
 (.cm 3بين القطبين )

وبين  ( Without paint& Black paint ,62,66) ( يوضح العلاقة بين كمية الحرارة المخزونة في عينات الالمنيوم15الشكل ) 
الزمن من مجموعات سابقة تبعا لتصنيف العينات مع عينة من الالمنيوم بدون طلاء والمقارنة فيما بينيا,  نلاحظ ان افضل اداء 

(، وأن ىناك تقارباً شديداً في ادائيما. نلاحظ ايضا من الشكل في اعلاه ان كمية الحرارة المخزونة في 66&62كان لمعينتين)
ولكن بعد  (66&62)( في البداية تكون اعمى من كمية الحرارة المخزونة في العينتين Without paint&Black paintالعينتين )

ذلك نلاحظ انحداراً سريعاً في كمية الحرارة المخزونة فييما مما يدل عمى ان قيمة الانبعاثية ليما اعمى من قيمتيا لمعينتين 
داء العينتين الاخريين. من ذلك يتبين أن بالإمكان تحسين أداء عينات وىذا ما جعل اداء تمك العينتين أفضل من أ (66&62)

( دقيقة باستخدام بعد 20الالمنيوم بطريقتين ىما اولا طريقة الطلاء الكيربائي وذلك بطلاء العينة من الالمنيوم بالنيكل الاسود لمدة )
لرش الكيميائي الحراري وذلك بطلاء العينة من الالمنيوم (. ثانيا طريقة اA/dm2 0.15( وكثافة تيار مقداره )cm 6بين القطبين )

( وضغط الغاز .ml/min 4.8( وكمية الجريان )cm 27( ثانية والبعد بين فتحة المرذذ وسطح العينة )16بالنيكل الاسود لمدة )
(1 bar( ودرجة حرارة سطح العينة )0 290C .) 
 الإستنتاجات  

 -يأتي:من خلال ىذه الدراسة تم إستنتاج ما 
إمكانية تحسين أداء عينات الحديد، حيث كانت أفضل عينة ىي التي تم طلاؤىا اولا بطبقة من الزنك طلاءً كيربائياً حيث كان  -1

(  وكثافة التيار cm 6( دقيقة والبعد بين القطبين )21زمن الطلاء  دقيقتين وثانياً بطبقة من النيكل الأسود وزمن الطلاء كان )
(0.15 A/dm2 )( إذ بمغت نسبة زيادة الخزن الحراري 1ونسبة مساحة وجو واحد لمعينة الى مساحة وجو واحد لمقطب تساوي ،)

 نياية فحصيا وعند (%58.23) لعينة الطلاء الكيربائي الى عينة الحديد المغمون بدون طلاء عند بداية فحص اداء العينات
44.97%)). 
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حيث كان أفضل أداء )كمية الحرارة المخزونة( لعينات الالمنيوم يعود لعينتين تم طلاء إمكانية تحسين أداء عينات الالمنيوم،  -2
احداىما بطريقة الكيربائي والثانية بطريقة الرش الكيميائي الحراري. حيث ان عينة الطلاء الكيربائي قد تم طلاؤىا بالنيكل الاسود 

( ونسبة مساحة وجو واحد لمعينة الى cm 6( والبعد بين القطبين )A/dm2 0.15( دقيقة باستخدام كثافة تيار مقدارىا )20لمدة )
(، وأما عينة الرش الكيميائي الحراري فقد تم طلاؤىا بطبقة من النيكل الأسود عندما كان زمن 1مساحة وجو واحد لمقطب تساوي )

( bar 1( و ضغط الغاز ).ml/min 4.8( و كمية الجريان )cm 27) بعد بين فتحة الخزان وسطح العينة( ثانية، وال16الطلاء )
 (.0C 290و درجة حرارة سطح العينة )

حيث ان  اصية عالية وانبعاثية عالية ايضاأن العينات التي تم طلاؤىا بطلاء اسود بدون لمعة )متوفر تجاريا( ليا امتص -3
 ( تدل عمى ذلك.15و 14و 13الانحدار السريع في كمية الحرارة المخزونة في العينة والموضح في الاشكال )
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 الرمز المعنى الوحدة
 α الامتصاصية ----
 ε الانبعاثية ----

ᵒC درجة الحرارة T 
kW كمية الحرارة المخزونة في العينة Q 
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kg كتمة العينة m 
kJ/kg.ᵒC الحرارة النوعية لمعدن العينة C 

ᵒC الفرق بين درجة حرارة سطح العينة في اي وقت ودرجة حرارة سطحيا الابتدائية ∆T 
sec.  درجة حرارة سطحيا الفرق بين زمن فحص درجة حرارة سطح العينة في اي وقت وزمن فحص

 الابتدائية
∆t 

 
 المصطمحات المستخدمة

 
 المعنى المصطمح
 ىو عممية طلاء العينة بطبقة من الزنك ومن ثم بالكروم طلاءا كيربائيا التخميد
 ىو عممية طلاء العينة بطبقة من الزنك طلاءا كيربائيا الاساس

 

 (1دول )ج

 مكونات وظروف الطلاء بالنيكل الاسود 

 (g/Lالكمية ) المستخدمة المادة

 NiCl2.6H2O    ` 75كموريد النيكل 

 NH4Cl  30كموريد الامونيوم       

 ZnCl2            30كموريد الزنك 

 NaCNS  15ثايوسيانات الصوديوم 

 ظروف الطلاء

 PH 5.5 – 3.5درجة الحموضة   

 درجة حرارة الغرفة درجة الحرارة 

 A /dm2 ) (  0.15 كثافة التيار 
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 (2جدول )

 مواصفات العينات التي تم طلاؤىا

رقم 
 العينة

البعد بين القطبين في عممية الطلاء  نوعها
 (cmالكهربائي )

 كثافة التيار
 ِِ(A/dm2) 

زمن الطلاء 
بالنيكل الاسود 

(min.) 
 20 0.15 6 ((2حديد )تخميد) 1
 20 0.15 6 ((4حديد )تخميد) 2
 20 0.15 6 ((8حديد )تخميد) 3
 20 0.15 6 ((2حديد )اساس) 11
 30 0.15 3 حديد مغمون 35
 30 0.15 3 المنيوم 54
 30 0.25 3 المنيوم 55
 30 0.35 3 المنيوم 56
 30 0.45 3 المنيوم 57
 20 0.15 6 المنيوم 62
رقم 
 العينة

البعد بين العينة وفتحة خزان الجهاز  نوعها
 في عممية الرش الكيميائي الحراري

(cm) 

 زمن الرش
(min. :sec.) 

كمية الجريان 
لمحمول الرش 

(ml/min.) 
 4.16 0:15 22 حديد مغمون 51
 4.8 16:0 27 المنيوم 66
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 [Gogna & Chopra, 1979]( مع زمن التغطيس بالحوض وسمك الطلاءε( والانبعاثية )αتغير الامتصاصية ): (1شكل)

 

 

 
( 1.28 : 1مع سمك الطلاء عند نسبة خمط ) والانبعاثية ونسبة الامتصاصية الى الانبعاثيةر الامتصاصية تغي: (2شكل )

 C)) [Madhusudan & Sehgal, 1982]˚ 290ودرجة حرارة سطح المسخن الكهربائي 
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 اجزاء منظومة الطلاء الكهربائي: (3شكل )

 

 

 

 

 

 

 مع صورة فوتوغرافية لممنظومة الكيميائي الحراري المستعممة في العمل الحاليمراحل عمل منظومة الرش : (4شكل )
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 مخطط توضيحي لممرذذ مع صورة فوتوغرافية له: (5شكل )

 

 
 

 

 
 

 منظومة اختبار اداء العينات: (6شكل )
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 استخدامها وطريقة طلائها والمتغيرات المستخدمة تبعا لكل طريقة طلاءعينات التي تم : ال(7شكل )

 
 

 

 

 
 ( Digital thermometer)  جهاز قياس درجة الحرارةمعايرة المزدوج الحراري مع صورة فوتوغرافية له بعد ربطه ب: (8شكل )
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 (ph meterجهاز قياس الحامضية ): (1شكل )

 
 
 

 
 

 

 

 

 

 

 

 

 

 ميزان حساس لقياس الكتمة: (10شكل )
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 معايرة جهاز قياس درجة حرارة سطح العينات مع صورة فوتوغرافية له: (11شكل )

 

 

   
( والعينتين                                          3&1,2تغير كمية الحرارة المخزونة في عينات الطلاء الكهربائي ): (12شكل )

(Black paint &Without paint) ( 0.15( دقيقة وكثافة التيار )20مع الزمن بثبوت زمن الطلاء بالنيكل الاسود 
A/dm2( والبعد بين القطبين )6 cm)  

 

13:00 14:00 15:00 16:00

Time (hr: min.)

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

Q
(

W
)

Wednesday 29/ 6/ 2011

Iron and Galvanized iron's Samples

زمه الطلاء بطريقة  رقم العيىة الرمس

 (.minالتخميد )

 1 2 

 2 4 

 3 8 

 Without paint  

 Black paint  
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13:01 14:00 15:00 16:02

Time (hr: min.)

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

Q
(

W
)

Friday 19/ 8/ 2011

Iron and Galvanized iron's Samples

 
 

 ( مع الزمنBlack paint &1,11,35,51,Without paintتغير كمية الحرارة  المخزونة في العينات ): (13شكل )
 
 

13:03 14:03 15:03 15:53

Time (hr: min.)

-0.06

-0.04

-0.02

0

0.02

Q
(

W
)

Monday 4/ 7/ 2011

Aluminum's Samples

 
 

( والعينتين                                          57&54,55,56تغير كمية الحرارة المخزونة في عينات الطلاء الكهربائي ): (14شكل )
(Black paint &Without paint) ( دقيقة والبعد بين القطبين30مع الزمن بثبوت زمن الطلاء بالنيكل الاسود ) (3cm) 

 
 

 كثافة التيار رقم العيىة الرمس

 ِِ(A/dm
2

) 

 54 0.15 

 55 0.25 

 56 0.35 

 57 0.45 

 Without paint  

 Black paint  

 

 ووع العيىة رقم العيىة الرمس

 

 ووع الطلاء

 طلاء كهربائي (( 2حديد )تخميد ) 1 

 طلاء كهربائي ((2حديد )اساش ) 11 

 طلاء كهربائي حديد مغلون 35 

 رش كيميائي حراري  حديد مغلون 51 

 Without paint   

 Black paint   
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13:05 14:05 15:05 16:06

Time (hr: min.)

-0.06

-0.04

-0.02

0

0.02

Q
(

W
)

Friday 19/ 8/ 2011

Aluminum's Samples

 
 ( مع الزمن,Without paint& Black paint 62,66تغير كمية الحرارة المخزونة في العينات ): (15شكل )

 

 الرمس

 

 طريقة الطلاء  رقم العيىة

 الطلاء الكهربائي 62 

 
66 

الرش الكيميائي 
 الحراري

 Without paint  

 Black paint  
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