










































Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 3812 

 

 

 

 

 

SPLIT ASSIGNMENT WITH TRANSPORTATION MODEL 

FOR JOB-SHOP LOADING (CASE STUDY) 

 

 
 

Khallel Ibrahim Mahmoud  

Electro-Mechanical Engineering Department,  

University of Technology, Baghdad, Iraq 

 

ABSTRACT 

 The aim of this paper, is to analyze the assignment problem in industry where the 

constraint of allowing to allocate only one job to each machine is relaxed. Thus, splitting 

the job is permitted and processed by more than one machine. The problem is demonstrated 

with a real life case study.  We solved the problem by splitting the jobs and converting lot 

of jobs as well as the actual hours of each machine to Standard Machine Hours (SMH).  

Transportation model is also suggested to overcome the problem, and the optimum solution 

is obtained by using POM software  
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INTRODUCTION 

Loading or shop loading is required to assign specific jobs or teams to specific facilities. 

Loading is needed for machine shop, hospitals and offices. An important step in production 

scheduling is to load facilities, which mean taking the actual order and assigning them to 

designated facilities, loading answers the question which department is going to what work 

and loading assumes that the material requirement analysis has been done and that order 

has been properly placed for required material and for needed parts and sub-assemblies.  

Specifically, loading assigns the work to divisions, departments, work centers, load centers, 

stations and people. Whatever names are used in a given organization, orders are assigned 

to those who will be responsible for performing the work. Loading releases jobs to 

facilities. In fact, average scheduling use standard hours based on forecasts to determine 

what resources should be assembled over the planning horizon. Loading takes place in the 

job shop when the real orders are on hand. If the aggregate scheduling job was done well, 

then the appropriate kinds and amounts of resources are available for loading. The master 

production schedule also makes resource assignments that can be modified if capacity is 

not adequate. A major objective of loading is to spread the load so that waiting time is 

minimized, the flow is smooth and rapid and congestion is avoided Nahimas, (1989).   

These objectives are constructed by the fact that not all machines can do all kinds of jobs. 
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Even though the job uses general purpose equipment, some machines and workers are 

better suited for specific job than other. Some machines cannot do particular jobs but other 

machines can do.  Some are faster than others and tend to be overloaded. Also, in some 

situations, planning for actual shop assignments is irregular, where a particular job must be 

assigned to more machine specially if there is a high request for that job. Thus, let the 

production manager think about the splitting of jobs assignment and the scheduling 

objective will be how to smooth the load with balanced work assignments at machines in 

the flow shop. 

In the literature, a great deal and much attention of researchers have been focused on 

solving the production scheduling problems. 

Chan and Wong (2005) developed an assignment and scheduling model to study the impact 

of machine flexibility on production as a job lateness and machine utilization and presented 

a genetic algorithm based approach to solve generic machine assignment. 

Also, Chan and Wong (2006) addressed the problem from the point of flexible job shop 

scheduling under resource constraints. They permitted an operation of each job to be 

processed by more than one machine. Caffrey and Hitchings (1995) considered scheduling 

of five jobs through a flow shop with five machines. Torres and Centeno (2008) considered 

a permutation flowshop problem with secondary resources with the objective of 

minimizing the number of tardy jobs. Recently, Konstantin et. al. (2005) focused on a 

dynamic generalization of the assignment problem where each task consists of a number of 

units to be performed by an agent or by a limited number of agents at a time. 

 
 

ADDRESS THE PROBLEM   
 

 In this paper, we deal with the modification of the standard assignment problem 

where the constraint of allowing to assign only one job to each machine is relaxed. So the 

splitting the job is permitted to bed processed by more than one machine. That means, the 

job can be divided into a parts, and on the other hand, the machine be allowed to do more 

jobs without violating the capacity constraint.  

 

The research methodology is to assign operations to machine and determine the processing 

order of job on machines.  

 
 

SYMBOLS USED 
 

The following symbols are used throughout the paper: 

jt : Processing Time of Job j 

  

n : Number of jobs to be assigned 

  

m : Number of Machines in the flow shop   

 

iM : Machine number i=1,2,…,m 

 

SM : Standard Machine 

 

SMH: Standard Machine Hours 
 

Du : Demand in units for each kind of job 

http://portal.acm.org/author_page.cfm?id=81100515577&coll=GUIDE&dl=GUIDE&trk=0&CFID=72718628&CFTOKEN=54717007
http://portal.acm.org/author_page.cfm?id=81100625854&coll=GUIDE&dl=GUIDE&trk=0&CFID=72718628&CFTOKEN=54717007
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Pr : Production rate in units per SMH 

 

DSMH : Demand in aggregated standard hours 

 

Prij : Production rate in pieces per hour for machine i and job j 

 
 

PROBLEM FORMULATION 

 

The time minimizing assignment problem is the problem of finding an assignment 

of n jobs to m facilities, one to each, which minimizes the time for completing all the jobs 

subject to the assumption that all the jobs are commenced simultaneously  Taha, (2007). 

The general assignment  problem  with n jobs and m machines mathematically can 

be formulated as follows: 

 

Minimize  Max  1ijij Xt                       (1) 

 

Subject to 

 

 iallforX
n

j

ij
1

                                (2) 

 

                             jallforX
m

i

ij
1

                               (3) 

 

                        jandifororX ij 10 . 

 

Here, ijt  is the time required for completing the ith job if it is assigned to the jth machine 

and  

 

 






machinejththetoassignedisjobiththeif

machinejththetoassignednotisjobiththeif
X ij

1

0
 

 

 In the above formula, the important assumption made is that all the jobs are 

independent and can be commenced simultaneously. 
 

RELAXING THE ASSUMPTION 
 

 The weakness of the classical assignment model is that no more jobs are allowed to 

one machine and also under certain circumstances, a weakness of the previous assignment 

model is that the splitting the jobs are not allowed. Moreover, the model assumed that the 

machine in job shops are identical and each one can do each job but with different time. To 

review the concept of relaxing the assumption, it can be seen from Table 1 which shows 

that how three jobs J1, J2 and J3 are assigned on machines M1, M2 and M3. In this case, 

machine M1 is assigned three jobs called J11, J21 and J31. Also, we can release another type 

of split prohibited by the classical assignment model is that no job can be divided with that 

model Starr (2004).  
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                        Table 1: Three machines and three jobs 

 

 

Machines 

 J1 J2 J3 

M1 J11 J21 J31 

M2   J32 

M3  J23 J33 

 
 

In the Table 1, job J3 has split into three parts J31, J32 and J33. 

The above difficulty can be overcome by transportation methods. Although, it has 

certain restricted assumptions of its own. Particularly, when demand and supply must be in 

common terms standard units. A convenient common terminology in our case is to express 

supply and demand in standard hours. 

To create standard hours, it is necessary to assume that strict proportionality exists 

between the productivity rates of the machines. The next section will review this concept. 

 

STANDARD UNITS 
  

Definitions 
 

 Standard units are used as the common dominator for aggregated units in the 

production scheduling problem where jobs are converted from pieces of work (order size) 

into standard hours on a designated machine called the standard machine. Forecast of 

specific items such as sweaters of different colors cotton, wool, and mixtures are converted 

into the standard machine hours required to make each type of sweater. This is referred to 

as aggregation of the mixed-model product line of the job shop. Aggregating planning is 

achieved by collecting and lumping all the items to be produced together. The idea is to 

strip away the specifics while retaining the aggregate properties of the product. The 

purpose is to match aggregate capacity against aggregate demand. This results in 

generalized determination of workforce requirements.  

 

Computation of Standard Hours 
 

 Standard hours computation is better to know through An  example to show how 

actual hours of work can be changed into standard units of required production capacity. 

 .  

 In Table 2 the standard unit is selected as Standard Machine Hours (SMH) based on 

using a Standard Machine (SM) for the standard of comparison. The total production 

capacity consists of four machines. The four machines called M1, M2, M3 and M4, work at 

different rate. It should be noted that the rate differentials apply across all of the jobs that 

these machines are assigned. That is M2 is fastest for all of the jobs, and by the same 

amount in comparison with the other machines. For this reason, it is convenient to choose 

M2 as the Standard Machine (SM). It will be assigned an index of 100%.  Then, all of the 

other machines will have fractional (SM) index. 
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                  Table 2: Supply of actual and SMH hours available per week 

Machines SMH Index 

(%) 

SMH per 

week 

Actual 

Hours 

M1 70% 56 80 

M2 100% 77 77 

M3 60% 90 150 

M4 50% 40 80 

  263 387 

 

As shown in the above table, M4 is half as fast as M2. The equation for the SMH index is 

derived in more general terms, as follows: 

 

                    
)(Pr

)(Pr
)(

j

ij

SMMofoutputoduction

Mofoutputoduction
ijMofindexSMH  . 

 

 For each machine, when SMH index is multiplied by the actual machine hours 

available per week, the standard machine hours (SMH) available per week are obtained. 

 

 Each machine is ranked by an index number that when multiplied by the actual 

machine hours available per week yields the standard machine hours (SMH) available per 

week. Thus, Table 2 provides the actual machine hours that are available per week 

converted by means of the SMH index. There is a total of 263 standard machine hours 

(SMH) available per week. In fact, there are 387 actual machine hours available per week 

has no significance for the resolution of the problem. Actual hours must first be converted 

to standard hours for application to the jobs that need to be done. This will be understood 

by examining the job requirements. In this department, the following represents a forecast 

of demand for next week for each job: 
 

Jobs A B C D 

Units 900 480 600 200 

 

On the other hand, the productivity rate (the production output rate) of the standard 

machine for each of the jobs listed above is as follows: 

 

Jobs A B C D 

Productivity rate 

of standard 

machine 

9 8 4 8 

 

The computations are guided by the following equation (4) where unit dimensions are 

shown in parentheses. The dimension of units is the numerator and denominator is 

cancelled out. The remaining dimension is Standard Machine Hours (SMH). Thus, demand 

in units has been transformed to demand in standard machine hours for each job.  

 

Input (D) as a unit                       Output (D) as SMH 
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)4(Pr SMHu D
SMH

Units
D 








  

where :uD  Demand in units for each kind of job 

 

:Pr  Production rate in units for SMH 

 

:SMHD Demand in aggregated standard hours. 

 According to the Equation (4), actual units of demand for Jobs A through D can be 

converted into standard machine hours (SMH) as follows: 

 

D(SMH) 

 

A: 900/9 = 100 SM hours 

B: 480/8 = 60 SM hours 

C: 600/4 = 150 SM hours 

D: 200/8 = 25 SM hours 

 

Total = 335 SM hours 

 

Now, both supply (available capacity of machines) and demand (request for the job units) 

have been converted to the common terms of standard machine hours (SMH). Then this can 

be solved to find the loading arrangement that uses the resources available in terms of 

standard machine hours. In this case, the transportation model can be used to get the 

solution. On the other hand, the above loading problem can be dealt with linear 

programming. It does not have the constraint of proportionality.  

 

Transportation Technique 
 

Basically, the general transportation model deal with the distribution of goods from one 

location to another. The general transportation problem can be described in the form of a 

matrix with shipments from factories to warehouses with factories represented by the rows 

and warehouses by the columns of the matrix. In Figure 1, there are three factories and 

warehouses. Each cell in matrix represents a route from a particular factory to a particular 

warehouse. Listed on the right hand side of the matrix are the amounts available at each 

factory. Listed on the bottom of the matrix are the amounts required at each warehouse.  

Figure 1: Transportation Model (Gillett 1985). 
  

                                          To Warehouse                                                      Amount  

                                                                                                             Available 

F
ro

m
 F

acto
ry

 

  1 2 3 4  

 1 

  

C11 

             X11 

C12 

             X12 

C13 

             X13 

C14 

             X14 
a1 

2 C21 

             X21 

C22 

             X22 

C23 

             X23 

C24 

             X24 

a2 

3 C31 

             X31 

C32 

             X32 

C33 

             X33 

C34 

             X34 
a3 

  b1 b2 b3 b4  

 

 

 

 

 

 

The unit cost of 

Shipping from Factory 2 

to Warehouse 3 

 Amount 

Required at 

Warehouse 1 

 

The amount 

shipped from 

Factory 2 to 

Warehouse 3 

 Amount 

available for 

Factory 2 
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The objective of the transportation problem is to find the shipping routes from factories to 

warehouses which will minimize the total cost of transportation Russel, (2006). In each cell 

of the matrix the unit cost of shipping one unit through the cell or route is shown. The total 

cost of transportation is then the sum of the amounts shipped through each cell multiplied 

by the unit cost of shipping through that cell. 

 

Mathematically, in this model, if we let 

 

ijX amount shipped from factory i to warehouse j 

ijC unit cost of shipping  from factory i to warehouse j 

 

Thus, the total transportation cost is: (Lockyer and Bestwick 1982). 

 

                               
 


m

i

n

j

ijij XCC
1 1

                  (5) 

 

where m is the number of factories and n is the number of warehouses. 

 

 We wish to find the values of  ijX  which will minimize the value of C subject to 

the constraints  

                          j

m

i

ij bX 
1

.                          (6) 

The total shipped to each warehouse j must equal the amount required at the warehouse.  

 

                        i

n

j

ij aX 
1

                         (7) 

 

The total amount shipped from factory I must equal the amount available at the factory. 

 

 

                             0ijX  

All shipments must be nonnegative. 

 

 To solve a transportation problem, we first find an initial solution (values of ijX ), 

and then improve the initial solution by reducing the cost through successive iterations until 

the minimum-cost is found. The transportation method is an iterative method, which 

reduces the solution on each successive iteration Nahimas, (1989).   

 

Consequently, the above model can be modified and used to find the loading arrangement 

that uses the resources available to minimize the total cost. Then the assignment can be 

generated using the standard techniques employed to solve the transportation model. Figure 

2 represents the equivalent matrix for the assignment model. 
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Figure 2: Equivalent Matrix for Assignment Model 
 

                                                          Jobs                                                      Capacity  

                                                                                                             Available 

M
ach

in
es 

  1 2 3 4  

 1 

  

C11 

             X11 

C12 

             X12 

C13 

             X13 

C14 

             X14 
a1 

2 C21 

             X21 

C22 

             X22 

C23 

             X23 

C24 

             X24 

a2 

3 C31 

             X31 

C32 

             X32 

C33 

             X33 

C34 

             X34 
a3 

  b1 b2 b3 b4  

 

 

 

 

 

 

 

 

Softwares are readily available to solve the model involving many variables. i.e. POM 

software package Natarajan, (2007). To solve the problem, we first find the initial solution 

and then improve the initial solution by reducing the cost. One way to find an initial 

solution is to use the North-West-Corner rule or Lowest Cost rule or the Vogal 

Approximation Method (VAM) Taha (2007). The next step is the evaluation of the solution 

for optimality of the initial solution. This can be carried out by using the Stepping Stone 

Method. Finally, the above problem can be solved alternatively by using the linear 

programming model. 

 

 IMPLEMENTATION  

 To implement the formula and to achieve the objective of this study, a real case 

study has been taken from the furniture industry. The problem was how to allocate 12 jobs 

on seven saw machines in cutting department.  Any job related to one kind of product are 

named J1 upto J2 which can be assigned to any saw machine. The specification of each job 

is defined and the efficiency of each machine has also been defined according to the data 

collected from the production department. The processing time to complete each task is 

different. However, one of these machines (number 4) is more efficient than the others, 

which has been chosen to be the standard machine (SM). Table 3 shows relative 

productivity and the equivalent SMH index for each machine. Note that Machine 7 is half 

as fast as Machine 4. 

 Similarly, Machine 1 is 86% as fast as the standard machine (SM). 

Table 3: Relative productivity and the equivalent SM 

Machines SMH Index 

(%) 

Relative Productivity 

M1 86% 86% as fast as the SM 

M2 75% 75% as fast as the SM 

M3 66% 66% as fast as the SM 

M4(SM) 100% Standard Machine 

M5 55% 55% as fast as the SM 

M6 80% 80% as fast as the SM 

M7 50% 50% half as  fast as the 

SM 

 

The unit cost of 

performance of each 

hour of Job 3 on 

Machine 2 

 Units 

Required from 

Job 1 

The hours 

assigned on 

Machine 2 for 

doing Job 3 

 Hours 

available at 

Machine 2  
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 The restrictive assumption is that the SMH index for each machine applies to all 12 

jobs. It is called the presumption of productivity proportionality. Thus, Machine 4 is fastest 

for all of the jobs by the same amount, in comparison with the other machines. Table 4 

provides the actual machine hours that are available per week. These hours are converted 

by means of the SMH index into standard machine hours available per week as shown in 

the fourth column. The actual machine hours available per week is 442.  Table 4 concludes 

that total SMH is 324.75. Table 5 provides production rates Pr in pieces per hour for each 

machine and job. The entries on the matrix are labeled Pr(ij) where i=machine and j=job. 

The production rate of the standard machine for the jth job is Pr(SM,j) see the 

fourth row (Machine 4) in Table 5. Table 6 contains the number of units ordered per job. 
 

 

Table 4: Actual machine hours per week 

Machines SMH Index 

(%) 

Actual 

Hours 

SMH per 

week 

M1 86% 50 53 

M2 75% 60 45 

M3 66% 75 49.5 

M4 100% 78 78 

M5 55% 35 19.25 

M6 80% 60 48 

M7 50% 84 42 

Total 442 324.75 

 

Table 5: Production rate in pieces per hour for each machine and job (Prij) 

Machine

s 

J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 

M1 5.1

6 

3.4

4 

2.5

8 

6.8

8 

5.1

6 

6.0

2 

10.3

2 

3.87 10.3

2 

5.1

6 

2.5

8 

6.0

2 

M2 4.5 3 2.2

5 

6 4.5 5.2

5 

9 3.37

5 

9 4.5 2.2

5 

5.2

5 

M3 3.9

6 

2.6

4 

1.9

8 

5.2

8 

3.9

6 

4.6

2 

7.92 2.97 7.92 3.9

6 

1.9

8 

4.6

2 

M4 6 4 3 8 6 7 12 4.5 12 6 3 7 

M5 3.3 2.2 1.6

5 

4.4 3.3 3.8

5 

6.6 2.47

5 

6.6 3.3 1.6

5 

3.8

5 

M6 4.8 3.2 2.4 6.4 4.8 5.6 9.6 3.6 9.6 4.8 2.4 5.6 

M7 3 2 1.5 4 3 3.5 6 2.25 6 3 1.5 3.5 

 

Table 6: Number of units ordered per job 

Jobs J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 

No. of units 

required 

120 108 141 145 150 200 570 100 245 310 120 74 

Standard 

hours of 

demand 

20 27 47 18.13 25 28.6 47.5 22.2 20.4 51.7 40 10.6 

 

       

 



K. I. Mahmoud                                                                   Split Assignment With Transportation Model 

                                                                                             For Job-Shop Loading (Case Study) 
 

 

 3821 

As shown in the Table 6, the requests initially stated as the number of units ordered per job. 

They vary greatly because there are many different types of orders.  These quantities have 

been turned into standard machine hours to match the amount of supply available from 

machine of type M4. 

 To accomplish the transformation of all dimensions to standard hours, start by 

dividing the number of units requested for J1 by the production rate of the standard 

machine for Ji. This yields demand in standard hours instead of demand in units. The 

results are shown in the second row of the Table 6. 

 Now, both capacity available (supply) and the requests for the jobs (demand) have 

been converted to the common terms of standard machine hours (SMH). There are324.75 

machine hours available per week and 358.13 hours required to complete the orders. 

Therefore, 33.38 standard machine hours of demand will not be satisfied. 

 A dummy machine is created to pickup the slack. It is called MD (for machine 

dummy). By definition, MD has zero output for all jobs. Some part of whichever job is 

assigned to the dummy will not be done. The balanced capacity available S(i) and request 

D(j) with the number in standard hours including the output rate per standard hours in the 

upper right hand corner of each assignment cell is given in Table 7. 

 As with the assignment model, cost is considered with the transportation model. 

The cost is calculated for each job j, which is the cost per standard hours of each machine i. 

The cost per piece (Cij) is independent of the machine used, given in Table 8. 
 

Table 8: Cost Cij per piece (Riyal) 

Jobs J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 

Cost per piece (Cij) 200 470 550 700 320 150 480 780 100 950 400 100 

 

 The product output rates per standard hours have been multiplied by cost per piece 

to reflect the profit per standard hours (Cij.Prij). These are shown in the small boxes in the 

upper right hand corner of each assignment cell. This information reflects in Table 9 which 

display the matrix adjusts for cost. 

 

8. Generating the Assignment 

 

After the information is arranged into transportation matrix (Table 9), the solution for 

assignment can be obtained. Although manual solution of transportation problems is fairly 

straightforward, computer solutions are generally preferred. The solution is generated by 

using POM software package. To solve the problem, first we find an initial solution and 

then improve the initial solution by reducing the cost. One way to find an initial solution is 

to use the North-West Corner rule or Lowest Cost rule or the Vogal Approximation 

Method (VAM). The next step in the transportation method is evaluation of the solution for 

optimality, given a start solution.  By using the POM software, the optimal loading 

schedule is shown in Table 10 in standard machine hours with the minimum total cost 

(578177.80) 
 

Min (Cost) Z = 

































285088.27038.33288012.14

13204115047313525.197006.10

12008.3810506.28376257.423172.22

369613.1810896.4144025141020

10322.110324.2014194.1103220
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There are eight rows and twelve columns which means that M+N-1=19 assignments should 

be made for transportation model. The requisite nineteen are in place. The optimal has been 

found in terms of standard hours must now be converted back into actual machine hours, 

and actual job units. Divide the standard hours assignments by the SMH index for each 

machine. This is shown in Table 11 and Table 12. Table 11 represents the actual 

assignment in terms of actual units and Table 12 represents the actual assignment in terms 

of actual hours. 

 The load is established for each job by consulting Table 10,  Table 11, and Table 12 

and the calculations as follows: 

 

For Job J1 

 

20 SMHSMH index of 86% equal 23.3 actual hours assigned on Machine 1 for Job J1. 

This yields 23.35.16=120 units for J1. 

 

For Job J2 

 

20 SMHSMH index of 75% equal 26.3 actual hours assigned on Machine 2 for Job J2. 

This yields 26.33=80 

  

7 SMHSMH index of 80% equal 8.75 actual hours assigned on Machine 6 for Job J2. 

This yields 8.753.2=28  

 

Total 80+28=108 units as required per J2. 

 

For Job J3 

 

1.4 SMHSMH index of 86% equal 1.63 actual hours assigned on Machine 1 for Job J3. 

This yields 1.632.58=4.2 

  

4.6 SMHSMH index of 66% equal 7 actual hours assigned on Machine 3 for Job J3. This 

yields 71.98=13.8  

 

41 SMHSMH index of 80% equal 51.25 actual hours assigned on Machine 6 for Job J3. 

This yields 51.252.4=123  

 

Total 4.2+13.8+123=141 units as required per J3. 

 

For Job J4 

 

18.13 SMHSMH index of 66% equal 27.5 actual hours assigned on Machine 3 for Job J4. 

This yields 27.55.28=145 

  

For Job J5 

 

25 SMHSMH index of 75% equal 33.33 actual hours assigned on Machine 2 for Job J5. 

This yields 33.334.5=150 

For Job J6 

 

28.6 SMHSMH index of 100% equal 28.6 actual hours assigned on Machine 4 for Job J6. 

This yields 28.67=200 
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For Job J7 

 

14.12 SMHSMH index of 50% equal 28.24 actual hours assigned on Machine 7 for Job 

J7. This yields 28.246=169.4 

  

33.38 SMH is assigned to the dummy machine (MD) so Job J7 will be partially completed. 

This is a shortage of (570-169.4)=400.6 units for Job J7.  

 

For Job J8 
 

22.2 SMHSMH index of 66% equal 33.6 actual hours assigned on Machine 3 for Job J8. 

This yields 33.62.97=100 

 

For Job J9 

 

20.4 SMHSMH index of 86% equal 23.7 actual hours assigned on Machine 1 for Job J9. 

This yields 23.710.32=245 

 

For Job J10 

 

4.57 SMHSMH index of 66% equal 6.9 actual hours assigned on Machine 3 for Job J10. 

This yields 6.93.96=27.2 

  

19.25 SMHSMH index of 55% equal 35 actual hours assigned on Machine 5 for Job J10. 

This yields 353.3=115.5  

 

27.88 SMHSMH index of 50% equal 55.8 actual hours assigned on Machine 7 for Job 

J10. This yields 55.83=167.3 

 

Total 27.2+115.5+167.3=310 units as required per J10. 

 

For Job J11 

 

1.2 SMHSMH index of 86% equal 1.4 actual hours assigned on Machine 1 for Job J11. 

This yields 1.42.58=3.6 

  

38.8 SMHSMH index of 100% equal 38.8 actual hours assigned on Machine 4 for Job 

J11. This yields 38.83=116.4  

  

Total 3.6+116.4=120 units as required per J11. 

 

For Job J12 

 

10.6 SMHSMH index of 100% equal 10.6 actual hours assigned on Machine 4 for Job 

J12. This yields 10.67=74. 
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     CONCLUSION 
 

 In this research, problem of splitting the jobs among many machines and allow for 

each machine to perform a lot of jobs is tackled. This problem is mobilized by using 

standard machine hours (SMH) to convert lot of jobs as well as the actual hours of 

each machine to Standard Machine Hours (SMH).  

 A real case study demonstrates how a production manager can use this model in 

real life. The problem was how to allocate 12 jobs on seven machines; one of these 

machines (No 4) has been chosen to be the standard machine (SM). 

 The actual machine hours that are available per week were (442). These hours then 

converted by means of the SMH to 324.75. 

 Later on, we suggest any available quantitative techniques, particularly, 

transportation model which is more convenient to deal when the supply and demand 

are in common terms which is in our case as SMH. In this case a dummy machine is 

created to pickup the slack standard machine hours 33.38. 

 The optimal solution which has been found in terms of standard hours also 

converted back into actual machine hours, and actual job units. 

 The solution for assignment has been obtained. Therefore splitting the jobs are 

permitted and processed by more one machine. Thus it can be seen from the results, 

machine M1 is assigned four jobs: J1, J3, J9, and J11. While job J2 is splited and 

assigned to machines M2, and M6 as well as other jobs. 

 Finally, the optimal loading schedule has been generated in standard machine hours 

with the minimum total cost (578177.80). 

 
 

RECOMMENDATION 
 

Based on the empirical findings of this study, following several points can be talked 

later on which are not discussed in this paper. 

 The transportation model have been solved for total cost minimization, it is as 

simple to use profits and solve for total profit maximization. Total time 

minimization, productivity maximization, and other goals can be chosen as well. 

 The formulation which has been used in this study assumes that costs per piece are 

the same on machines. If not, it would be necessary to use the cost(Cij) for each cell 

in the matrix. 

 A criterion that must be satisfied for using the transportation approach to shop 

loading is that reasonable proportionality exists between machines output rates. 

When the SMH index does not apply, a heuristic modification of the transportation 

method can be tried. If one machine is especially efficient for J1 and another 

machine is best for J2 , the heuristic could make those assignments more profitable , 

or less costly. In other words, some assignments would be made a priori based on 

clear advantages. 

 An issue we have not addressed is uncertainty of processing time in practice. It is 

possible and even likely that the exact completion time of one or more jobs may not 

be predictable in advance. It is of interest to know whether or not there are some 

results concerning the optimal assignment when processing time is uncertain 
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 الجافة –أثر الأغمفة الديناميكية عمى كفاءة الأداء الحراري لأبنية المناطق الحارة 
 

 
 مُستخمص البحث:

يا مف التفاعؿ يتناوؿ البحث موضوع إيجاد أبنية كفوءة مناخياً تتميز أغمفتيا البنائية بديناميكية عالية تمكنّ 
ستيراد الأفكار المعمارية وظيور التقنيات الجديدة ، إذ اف إفةالجا –والتكامؿ بتغير المواسـ في منطقتنا الحارة 

ومف ثـ نشوء عمارة غير  اً،وعمراني اً بيئي ىذه المنطقةأفرز توجياً فكرياً وعمرانياً يتعارض وأدنى خصائص 
يف وب يبالفكر الغر  ةافوقفت عمى مفترؽ طرؽ بيف عدـ مراعاة البيئة ومجار  المحيط بيا واقع البيئيممنتمية ل

وجب عمى الميندس المعماري أف تكوف أفكاره وتصاميمو أساسيا التفيـ  ومف ىناالركوف لمعمارة التقميدية، 
ستثمار ما توصؿ إليو الآخرو العميؽ لإمكانيات العصر الذي نعيشو مف إختيار المواد المنا ف مف تقدـ سبة وا 
ري الغني وما يحتويو مف فيـ شمولي وعميؽ تقني ومعرفي ملائـ مع الإستفادة والإستمياـ مف تراثنا المعما

ومستفيدة مف صفاتيا الجغرافية بيئتيا لتكوف ىذه الأفكار والتصاميـ منتمية  ذاتو الوقت فيلممشاكؿ المناخية، و 
المستقبمية في إنشاء عمارة متآلفة ومتوازنة مع البيئة المحيطة لتحقيؽ  المساراتوالمناخية وصولًا الى رسـ 

 .العمارة عمى دربيا البيئي الصحيحزف الحراري لأبنيتنا ومف ثـ نضع معادلة التوا
ويعالج البحث مشكمتو مف خلاؿ الموازنة بيف توظيؼ التقنيات الحديثة وبصورة مبسطة مف جية، وبيف استخداـ 

في المناطؽ  طرؽ التصميـ المناخي الطبيعي مف جية أخرى لإنشاء أبنية ديناميكية تحاكي التقمبات المناخية القاسية
الجافة عمى مدار العاـ، وبالتالي رفع مستوى التصاميـ المعمارية المستقبمية للأبنية، لكونيا أبنية تستقرئ  –الحارة 

وتحاكيو وتتفاعؿ معو مسبقاً بمعمومات الحاضر وبنفس الوقت تستميـ مف عمارة الماضي وتوظفيا بأسموب  المستقبؿ
 كيّفة مع الظروؼ المناخية المحيطة وقادرة عمى الصمود في المستقبؿ.معاصر، وصولًا الى تكويف عمارة مت

ذاتو الوقت  فيوتأتي أىمية موضوع البحث ىنا في كونو يدعـ الإىتماـ العالمي بالتكنولوجيا الحديثة و 
 يحاكي العمارة التقميدية مف خلاؿ انشاء أبنية ديناميكية مستجيبة لمتقمبات المناخية المحيطة.

 

 لبحث:مشكمة ا
خلاؿ أغمفة بنائية ديناميكية  مفالجافة  –إنشاء أبنية متكيّفة مع الظروؼ المناخية المحيطة في المناطؽ الحارة 

 ثـ خفض إستيلاؾ الطاقة. مفلأنظمة التكييؼ و اريةالحر حماؿالأ لتخفيض العاـ طواؿتتجاوب مع المناخ المحيط بتقمبو 
 

 ىدف البحث:

 غادة محمد اسماعيل عبد الرزاق كمونة
 جامعة بغداد -قسم اليندسة المعمارية 
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مف خلاؿ تأميف التصميـ  الضماف توفير الراحة الحرارية لشاغميي ممبانيتحسيف الخصائص الحرارية ل
فة ومستجيبة ، والذي يتـ تحقيقو مف خلاؿ إنشاء أبنية ذات أغمفة ديناميكية مرنة متكيّ ياالحراري الكفوء ل

 الجافة. -لمظروؼ المناخية المحيطة في المناطؽ الحارة 
 

 
The Influence of Dynamic Envelopes on the Efficiency of Thermal Performance of 

Hot – Arid Zones Buildings 

 
ABSTRACT:   

This research studies the subject of finding efficient climatic buildings whose envelops are 

characterized by a high dynamic movement that enables them to react and integrate in accordance 

with seasons’ changing in our hot – arid zones. The importing of architectural thoughts and the 

emergence of new techniques have led to the evolution of an intellectual and urban trend that 

disagrees with the least environmentally and urbanely characteristics of these regions, and 

consequently, the evolution of a kind of architecture that does not belong to its environmental reality, 

therefore, it has stopped in between the non-considering of the environment and the keeping up with 

the western intellect and between confining to traditional architecture. Thus, the architect’s thought 

and designs should be based on the deep understanding of the current potentialities of the age 

concerning choosing the suitable materials and investing what others has reached concerning the 

suitable technical and epistemic progress along with making use of and inspiring from our rich 

architectural heritage and all what it contains concerning a comprehensive and deep understanding of 

the climatic problems, and at the same time, these thoughts and designs belong to its environment and 

utilizing its surrounding geographical and climatic features to reach to the drawing of futuristic paths 

in establishing a harmonious and balanced with the surrounding environment to achieve the equation 

of thermal balance for our buildings and then putting architecture on its right environmental way. 

The research takes the problem through balancing between the employment of modern 

techniques in a simply way on one hand, and the use of the natural climatic design methods on the 

other hand, in order to establish dynamic buildings that imitate the severe climatic changes in the  

hot – arid areas during the year, and then by raising the level of the buildings futuristic architectural 

designs since these buildings explore and imitate the future and already interacting with it by the 

present information and at the same time inspire from the architecture of the past and make use of it 

in a contemporary style, in order to reach to the formation of a kind of architecture that is 

conditioned with the surrounding climatic conditions and is capable of resistance in the future. 

The importance of the research’s subject is that it supports the worldwide interest of modern 

technology, and at the same time, it imitates traditional architecture through constructing dynamic 

buildings responding to the surrounding climatic changes.  

 
الحرارية،  ، المنظومة الحرارية لممبنى، التوازن الحراري، الأحماللممباني ديناميكيةال غمفةالأ كممات رئيسة:

 الراحة الحرارية.
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 :مــةمقدال -
بات التوجو العمراني المعاصر نحو الفكر الوافد الغريب يتعارض مع مفيوـ تفاعؿ المبنى مع البيئة المحيطة بو 
وتأثر كؿ منيما بالآخر ومف ثـ ضعؼ سموؾ المبنى الحراري التفاعمي مع البيئة المؤدي الى إستنزاؼ عالي لأجيزة 

يزة لمنطقة عف أخرى، إذ اف العمارة المعاصرة أغمقت الأبواب أماـ التكييؼ علاوةً عمى فقداف الطابع واليوية المم
الجافة ومنيا العراؽ تتمتع بمناخٍ قاسٍ طواؿ العاـ وجب عمى  –ولكوف المناطؽ الحارة  .التفاعؿ مع البيئة المحيطة

ة وطرؽ التصميـ الميندس المعماري التفاعؿ الإيجابي مع معطيات المناخ مف خلاؿ توظيفو لكافة التقنيات الحديث
المناخي الطبيعي لإنشاء أغمفة بنائية ديناميكية لممباني لدييا القدرة عمى التفاعؿ والتغيّر المستمر تبعاً لتغيرات المناخ 
طواؿ العاـ، حيث تسيـ بتوفير بيئة فاعمة وسريعة الإستجابة لمظروؼ المناخية المحيطة لتحقيؽ أفضؿ مستويات الراحة 

والحماية مؾ الأبنية وذلؾ بتحقيؽ أعمى كفاءة أداء حراري لأغمفتيا البنائية، إذ اف توفير الراحة الحرارية الحرارية لشاغمي ت
مرغوب فييا يُعَد مف الأىداؼ الأساسية لمتصميـ المعماري والعمراني الكفوء مناخياً الغير مف المؤثرات المناخية 

الجافة مف إنشاءات حديثة وتعمير اسمنتي كاف لو الدور  –حارة خصوصاً بعد التغيّرات الكبيرة التي شيدتيا مدننا ال
لتأميف حاجتيـ مف ة، وحاجة أصحابيا لإستيلاؾ كبير لمطاقة يالحرار  موازنةالكبير في ضعؼ قدرة ىذه الأبنية عمى ال

معتدؿ طيمة أياـ السنة مف  التدفئة والتبريد. وبالمقارنة مع العمارة التقميدية التي تتصؼ بقدرتيا العالية عمى الإحتفاظ بجو
خلاؿ المواد المستخدمة في إنشاءىا وتصاميميا المتكيّفة مناخياً وتلاصؽ ابنيتيا المدروس، أضاؼ عمى عاتؽ 
الميندس المعماري ميمة معالجة الزيادة الممحوظة في استيلاؾ الطاقة الكيربائية والوقود في المباني لأغراض التكييؼ 

وحماية البيئة مف التموث الناتج عف إنبعاثات غازات الدفيئة الطاقة،  أحماؿع في الطمب عمى لتخفيض التنامي المتسار 
تحقيؽ متطمبات الراحة الحرارية داخؿ المباني، لذا يجب إيجاد تصاميـ  فضلًا عفالناتجة عف حرؽ الوقود الاحفوري، 

تبعاً لمظروؼ  البنائية مف خلاؿ تطويع أغمفتياؾ بتغيّر المواسـ وذللممباني تتكيّؼ مع البيئة المحيطة  كفوءةحرارية 
المناخية المحيطة وىو أمر يُدخؿ مفاىيـ وأساليب جديدة لـ تكف مألوفة في تصميـ وتنفيذ المباني خاصةً في المناطؽ 

 الجافة. –الحارة 
بصدد  وأوىنا لسنا بصدد توفير أبينة إقتصادية بتسخير مفاىيـ التصميـ المناخي الطبيعي في الأبنية 

إستيراد الفكر التكنولوجي الغريب عف بيئتنا، بؿ نحف أماـ تحدي بيئي طبيعي وتكنولوجي معاً بتوفير أغمفة 
مباني ديناميكية طيّعة ومرنة في تفاعميا مع الظروؼ المناخية المحيطة لتتمكف مف منع تسرب الطاقة خارج 

 عمى مستويات الراحة الحرارية لشاغميو.صولًا لأو  ،الحراري هرفع كفاءة أداء مف ثـالمبنى قدر الإمكاف، و 
 
 :آلية عمل المنظومة الحرارية لممبنى -

ولدت تبايناً في  الجافة –إف ظاىرة الدورة المناخية السنوية والطقس اليومي في المناطؽ الحارة 
ميو مف الفرؽ الحراري الخصائص الحرارية، الأمر الذي نجـ عنو عدـ إستقرار لمبيئة الداخمية لممبنى والمستدؿ ع

داخؿ المبنى بيف النيار الحار والميؿ البارد، وبيف الصيؼ الحار والشتاء البارد في ىذه المناطؽ، وىو ما يفسر 
حدوث ظاىرة الإنتقاؿ الحراري، حيث توزع الحرارة نفسيا بالتساوي الى أف تحقؽ حقؿ حراري منتظـ منتشر عمى 
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، ص Givoni ،8991)جات حرارة عالية الى مناطؽ ذات درجات حرارة واطئة نحو كامؿ، متجيةً مف مناطؽ ذات در 

809). 
خارجو شتاءاً بالعوامؿ الآتية: مساحة المتسربة بة الى داخؿ المبنى صيفاً و تسكوتتأثر كمية الحرارة الم

شمس، لوف الجدار الخارجي لممبنى، طبيعة ونوعية مواد انشاءه، سُمؾ الغلاؼ البنائي، علاقة المبنى مع ال
 ؿ المبنى بواسطة المنشآت المجاورة، درجة حرارة الفضاءات المحيطة يالغلاؼ الخارجي لممبنى، تظم

 .(8، ص 8990)شاىيف، أو البيئة، ودرجة حرارة الفضاء الداخمي
وىنا يجد البحث إن غلاف المبنى يمثل المنظومة الحرارية لممبنى والمعرضة لجميع الأحمال الحرارية 

، فيو يتحكم ويسيطر عمى جميع أساليب السيطرة الحرارية المنظِمة لمبيئة الداخمية لممبنى وصولًا الخارجية
الى حدود الراحة الحرارية لشاغميو، إذ تحدث خلالو جميغ صيغ إنتقال الحرارة من الداخل لمخارج والعكس، 

 خل المبنى.ومن خلال كفاءتو الأدائية تتم السيطرة المناخية بمستوياتيا المختمفة دا

 :في المباني ةإنتقال الحرار  صيغ -
بيف المبنى والبيئة المحيطة بو مف خلاؿ مختمؼ عناصر ومكونات الغلاؼ البنائي، حيث تنتقؿ الحرارة 

 (: 8شكؿ يتعرض المبنى يومياً لكافة أنواع الإنتقاؿ الحراري وبأطواره المعروفة والتي قسمت الى )
( والحمؿ Conductionوصورىا الثلاثة، التوصيؿ الحراري ) (Sensible Heatأطوار الحرارة المحسوسة )

 .(Radiation( والإشعاع الحراري )Convectionالحراري )
( والتكثيؼ Evaporation( بصيغ تحوؿ المادة وصورىا، التبخير )Latent Heatوأطوار الحرارة الكامنة )

(Condensation.) 

 التبخٌر من السطح

 التوصٌــل

 حركة الهواء فً الداخل

 حركة الهواء فً الخارج

 التوصٌل الأرضً

 الإشعاع الحراري

 الإشعاع الشمسً 
 المباشر + المنتشر

+ - 

جدار التلاشً الحراري المخترق لل

 (Time Lag) والسقف
درجة حرارة الهواء الخارجً 

 (التحرك الهوائً)

 الإشعاع المنعكس

 من مقتربات المبنى

 (: يوضح الإجيادات الحرارية المسمطة عمى الغلاف البنائي.1الشكل )
 (.4، ص Watson & Labs ،1893تنظيم الباحثة بالإستناد الى المصدر )
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 :(Sensible Heat)أولًا/ أطوار الحرارة المحسوسة 
 ( التوصيؿ الحراريConduction وىو عممية إنتقاؿ الحرارة مف الجزيئات ذات درجات حرارة عالية :)

، حيث تنتشر الطاقة الحرارية عبر جزيئات المادة بالإيصاؿالى الجزيئات ذات درجات حرارة منخفضة 
ماسيف بشكؿ مباشر )وبدوف إنتقاؿ الواحدة أو جزيئات المواد المتلاصقة أو جزيئات سطحي مادتيف مت

 الكتمة( لوجود فرؽ في درجات الحرارة.

 وتنتقؿ الحرارة في المباني بطريقة التوصيؿ عبر الجدراف والأسقؼ مف الجية الحارة 

ة الحرارية مصاالمو معامؿ عناصر المبنى، ومعدؿ الإنتقاؿ يعتمد عمى  بيفالى الجية الباردة 
(Thermal Conductivity )ممل( واد، ودرجة سُمؾThicknessعناصر الغلاؼ البنائي لممبنى ). 

وأحسف المواد الموصمة لمحرارة ىي المعادف وأردأىا الخشب، الاسبستوس )الحرير الصخري(، 
 .(880، ص Givoni ،8991)الحرارية الغازات، والسيراميؾ، وىي تدعى بالعوازؿ

  الحمؿ الحراري(Convection) :حرارة ضمف حركة السوائؿ والغازات وتحدث بسبب إنتقاؿ وىو عممية إنتقاؿ ال
الحرارة عبر الجزيئات المتحركة لممادة حاممةً الحرارة الى مناطؽ أبعد وذات درجة حرارة أقؿ، وتستمر دورة 

 الحمؿ ىذه بمزج المائع لإختلاؼ درجة الحرارة حتى يصؿ الى التوازف الحراري. 

منيا، عندما تنتقؿ الحرارة مف السطح الصمب الى ويحدث الحمؿ الحراري في عدة حالات 
اليواء المجاور والعكس، أو إنتقاؿ الحرارة بيف سطحيف في درجات حرارة مختمفة بواسطة إنتقاؿ 

 .(8، ص D. Roos ،8001)(Air Flowاليواء )

 ( الإشعاع الحراريRadiation)اعية : وىو عممية تحوّؿ الطاقة الحرارية لسطح المادة الى طاقة إشع
بشكؿ موجات كيرومغناطيسية بسرعة الضوء تنتقؿ عبر الفضاء حتى تصدـ سطح معتـ، فيُمتص جزئياً 
ويُعكس جزئياً، فتزداد إىتزاز جزيئات السطح وترتفع درجة حرارتو بسبب الإشعاع الممتص، ومف ثـ 

شعاع مف السطوح يشع السطح الحار طاقة أكثر مف إشعاع السطوح الباردة حولو، فتنتقؿ الحرارة بالإ
الحارة الى السطوح الباردة ويحدث التبادؿ الحراري لحيف الوصوؿ لمموازنة الحرارية بيف كميتي الطاقة 

 .(8، ص D. Roos ،8001)والممتصة المنبعثة

 
 :(Latent Heatة )كامناً/ أطوار الحرارة الثاني

 التبخير (Evaporation :) مادة مف السائؿ الى البخار.بتغيّر حالة الالحرارة وفيو تنتقؿ 

 ( التكثيؼCondensationوفيو تنتقؿ الحرارة بتغيّر ح :) البخار الى السائؿ.الة المادة مف 

                                                           
() لحادث بسبب مصادر عدة مثؿ التعرض للإشعاع، والإحتكاؾ بيف شيئيف، ر عف درجة الإىتياج الجزيئي لكتمة معينة وايالحرارة المحسوسة: وتمثؿ تعب

 .(57، ص Bradshaw ،5541)والتفاعؿ الكيميائي، والتماس المباشر مع شئ حار، وبتغيّر درجة حرارة المادة يتغير المحتوى الحراري لذلؾ الشئ 
( نبعاثيتو  .(54، ص Markus & Morris ،8910)( يعتمد الإشعاع المنبعث عمى معامؿ إمتصاصية السطح وا 
() مف الصمبة الى السائمة أو مف السائمة الى الغازية وبالعكس.المادة التي تغيّر حالة حرارة الة: وتمثؿ كامنالحرارة ال(Bradshaw ،5541 57، ص). 
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ويؤثر بخار الماء في الجو عمى طبيعة السموؾ الحراري لغلاؼ المبنى، ومف ثـ عمى درجة حرارة سطحو 
 لبنائي.الخارجي، وبالتالي تأثيره عمى الخصائص الحرارية لمغلاؼ ا

 يجب دراسة الحرارة الكامنة في الأبنية لأىميتيا في حسابات أحماؿ التبريد في تكييؼ ىواء الأبنية.كما 
( الإنتقاؿ الحراري بأي طريقة مف الطرؽ الآنفة الذكر Motive Forceوبصورة عامة فإف القوة الباعثة )

ارة يتحقؽ مع أكبر إختلاؼ في درجات ىو إختلاؼ درجات الحرارة بيف منطقتيف، وأسرع معدؿ إنتقاؿ حر 
 .(85، ص 8008)كمونة، الحرارة

شعاع حراري المبنى ويشير البحث ىنا الى أن تعرض  يومياً لكافة أنواع الإنتقال الحراري من توصيل وحمل وا 
بتوفير محتواه الحراري صيفاً ويخفض محتواه الحراري شتاءاً، وتقوييم سموك المبنى الصحيح يتم  يعمل عمى زيادة

أقل كسب حراري صيفاً وأقل فقدان حراري شتاءاً، والمتحقق من خلال التصميم الحراري الديناميكي الفعاّل لغلاف 
 المبنى والذي يمثل أحد مؤشرات أداء التصميم الحراري الكفوء، وميارة المصمم الذي إعتمده.

 

 مكونات مقطع الغلاف البنائي لممبنى: -
ى إنو الوسيط بيف البيئتيف الخارجية )والمتمثمة بالمتغيرات المناخية( والداخمية )المتمثمة يُعرَّؼ غلاؼ المبنى عم

بظروؼ الراحة الحرارية المطموبة داخؿ البيئة المبنية( ويتألؼ مف مجموعة مف المواد، العناصر، والمركبات البنائية 
 . (77، ص Bradshaw ،8914)القائمة فيو التي بإجتماعيا تكوّف الحيّ الفضائي الإجمالي لمفعاليات البشرية

  :(81، ص 8008)كمونة، ويمثؿ مقطع الغلاؼ البنائي لممبنى بمقطع إنشائي بسيط متكوف مف أربعة أجزاء رئيسة
 ( السطح الخارجيExternal Surfaceوىو الجزء الخارجي :)  مف الغلاؼ البنائي المواجو بصورة مباشرة

الخارجية. ويحدث إنتقاؿ الحرارة مف والى ىذا السطح بواسطة الحمؿ  لمبيئة الأحماؿ الحراريةلجميع 
ف توجيو مف السطوح ال والإشعاع الحراريمف السماء الشمسي الحراري لميواء، والإشعاع  محيطة بو، وا 

 معدؿ نسبة إنتقاؿ الحرارة الى السطح.السطح يؤثر في 

 ( طبقات المادة البنائيةIndividual Layers of Construction وىي ذلؾ الجزء مف الغلاؼ البنائي :)
الذي يقع خمؼ السطح الخارجي مباشرةً بإتجاه القطع الإنشائي في الغلاؼ لمداخؿ. ويشمؿ جميع 
الخصائص الفيزيائية الحرارية لمواد البناء مف محتواه المتجانس وغير المتجانس، بطبقة أو مجموعة 

وفر مف عازلية وسِعة حرارية لمغلاؼ. وىو المسؤوؿ عف الطبقات المتتالية الترتيب في مقطعو بما ت
طبيعة سرعة وشدة نقؿ التأثيرات الحرارية لمسطح الخارجي نحو الداخؿ وبالعكس. ويعتمد الإنتقاؿ 

 الحراري عبر طبقات المادة البنائية عمى خصائص المادة وسُمكيا.

 ( الفضاءات اليوائيةAir Spaces) ( أو الفجواتCavitiesوىي :)  فراغات ىوائية ضمف عبارة عف
طبقات المقطع الإنشائي تستعمؿ لتخفيض الفقداف أو الكسب الحراري لممبنى، وتشابو مقاومتيا مقاومة 
أي مادة في المقطع الإنشائي. وتزيد ىذه الفضاءات اليوائية مف قابمية ضبط مقدار المقاومة لمقطع 

وتزداد فاعمية  ا بواسطة الحمؿ الحراري والإشعاع،ىالغلاؼ البنائي وتنقؿ الحرارة بيف الفضاءات عبر 
العزؿ الحراري لمفجوة اليوائية كمما قؿ سُمكيا أو تعددت طبقاتيا واحتوت جدرانيا الداخمية عمى عاكس 

 حراري مشع كصفائح الألمنيوـ.
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 ( السطح الداخميInternal Surfaceوىو الجزء الداخمي مف الغلاؼ البنائي المواجو بصورة م :) باشرة
تأثيرات التغييرات الحرارية الحاصمة في البيئة الداخمية لفضاءات المبنى والتي تُدعى بدرجة حرارة البيئة 
الداخمية والمتمثمة بدرجة حرارة اليواء، والرطوبة النسبية، ومعدؿ درجة حرارة السطوح الداخمية المشعة، 

 والتحرؾ اليوائي.

 لحراري يحدث عبر غلاف المبنى بسبب إختلاف درجات حرارة ىنا الى ان الإنتقال ا دراسةوتؤكد ال
الأعمى الى الأوطأ، ذي الدرجة الحرارة السطحين الخارجي والداخمي لمغلاف، فتنتقل الحرارة من السطح 

عتماداً عمى الإنتقالية الحرارية بين السطحين ) ( والتي تأخذ شكمين Thermal Transmittanceوا 
ري من خارج المبنى الى داخمو والفقدان الحراري من داخل المبنى الى أساسيين ىما الكسب الحرا

 الحرارية بين البيئتين الداخمية والخارجية. موازنةخارجو وصولًا الى ال
  وكفاءة أداء الغلاف البنائي الذي يقوم بدور المنظم والصمام الحراري بين البيئتين الخارجية والداخمية

الصحيح الذي يضمن توفير درجات حرارة ملائمة داخل فضاء المبنى  لممبنى تتحقق من خلال تصميمو
 وتقميل الحمل الحراري المرتبط مباشرةً بعمميات الكسب والفقدان الحراري عبر مكونات الغلاف البنائي.

 

 السيطرة المناخية في المباني: ستراتيجيات -
وتختمؼ مف حيث التقنية المستعممة ناخية تُستخدـ عدة وسائؿ لأغراض السيطرة الحرارية في التصاميـ الم

)المنفعمة(  ( الوسائؿ الذاتيةActive Methodsالتي تخضع جميعيا لتصنيؼ عاـ يضـ: الوسائؿ الفعّالة )
(Passive Methods ) بحسب إعتمادىا عمى استحضارات تشغيؿ المنظومة الحرارية لممبنى، كونيا أنظمة مفتوحة

جود مصدر طاقة محرؾ ليا وتفشؿ بعدـ توفره، أو كونيا أنظمة مغمقة تعتمد كمياً عمى تعتمد كمياً أو جزئياً عمى و 
ذاتيا في إستغلاؿ بعض الظواىر الطبيعية الناجمة عف حدوث الدورة الحرارية لممناخ، كطاقة تتزود بيا لغرض 

ات السيطرة المناخية والمتمثمة بعة. ويعتمد كلاىما عمى سترتيجياالتشغيؿ وىي لا تحتاج غالباً لأعماؿ الصيانة والمت
بمبادئ العمؿ الأساسية في ترصّد فرص السماح أو المنع للإنتقاؿ الحراري عبر الوسطيف )البيئة الداخمية لممبنى 

 .(80، ص 8008)كمونة، والمحيط الخارجي( وحسب التوقيع الزمني لمدورة المناخية اليومية والسنوية
( Minimize Heat Lossالمعماري تقميؿ الفقداف الحراري ) يندسالمففي موسـ الشتاء البارد يكوف ىدؼ 

العكسي  (Promote Heat Gainمف بيئة المبنى الداخمية الى المحيط الخارجي ومحاولة السماح لمكسب الحراري )
 مف الخارج الى الداخؿ، وينعكس الحاؿ في موسـ الصيؼ الحار، فيعمؿ المعماري عمى محاولة 

( مف داخؿ المبنى الى الخارج وتقميؿ الكسب الحراري Promote Heat Lossالحراري )زيادة الفقداف 
(Minimize Heat Gain ) المعكوس. وبيذه الفكر الأساسية فإف جميع وسائؿ السيطرة المناخية تخضع في عمميا

   .(Watson & Labs ،8911)نيارالميؿ وال ساعاتلتمؾ القاعدة. ويُطبَؽ نفس المبدأ المذكور في الدورة اليومية لمطقس بيف 
ويؤكد البحث ىنا بأنو يمكننا تشبيو المبنى بكائن حي يتفاعل مع البيئة المحيطة من خلال سموكو 

ة التوازن الحراري أعلاه يجب أن يصمم المبنى بطريقة مرنة دلالحراري إذ يؤثر فييا وتؤثر فيو، ولتحقيق معا
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لأساس في عمميات السيطرة الحرارية لمبيئات الداخمية لممبنى، نائي الذي لو الدور ابومن خلال غلافو ال
ستجابة لمتأثيرات  ويمتاز الغلاف البنائي بديناميكية ومرونة عالية وتغيّر مستمر والتي تحدث كرد فعل وا 

ارية المسمطة عمى ر الجافة، وصولًا لتخفيض الأحمال الح –المناخية الخارجية والمتقمبة في المناطق الحارة 
ف يستعمال التكيإمبنى، ومن ثم تحقيق أقصى حالات الراحة الحرارية في بيئتو الداخمية، وبالتالي يكون ال

قتصادياً عند تطبيقو.  الصناعي في المبنى عنصراً مكملًا وثانوياً وا 
 :الجافة -ى في المناطق الحارة ممبنالغلاف البنائي الديناميكي ل -

شآت ثابتة، في حيف يمكف لمغلاؼ البنائي أف يكوف ديناميكياً إف الأبنية عموماً يُنظر إلييا كمن
(Dynamic ًفيو يتميز بفاعمية مستمرة وحساساً لتغيّر المتطمبات والظروؼ البيئية المحيطة بو، فيسمح أحيانا )

 بدخوؿ الحرارة، والضوء، واليواء، والصوت، وأحياناً أخرى يحجب ىذه المصادر البيئية الخارجية.
( )مثؿ الجدراف العادية أو المألوفة( Static Barrierفي غلاؼ المبنى يعمؿ كحاجز مستقر ) وكؿ عنصر

المتحركة(. والأقنعة وكعنصر تحوّؿ أو إنتقاؿ )مثؿ النوافذ والأبواب(، أو كمنظـ معدؿ )مثؿ الكاسرات الشمسية 
وف بييئة حاجز مستقر، بينما في مرغوب بيا، فإف غلاؼ المبنى الملائـ يكالغير و وفي أوقات الظروؼ المزعجة 

الظروؼ المناخية المرغوبة أحياناً، وغير المرغوبة أحياناً أخرى، يُفترض في الغلاؼ البنائي أف يكوف ديناميكياً 
(، فيسمح بالتعديؿ في Open Structural Frameيمكف ضبطو والتحكـ فيو، فيصبح ببساطة إطار بنائي مفتوح )

 الخارجية والداخمية، حينيا يكوف كالصدفة الوقائية.درجة الفصؿ بيف البيئتيف 
وبيذا فإف أغمفة المباني يُفترض أف تكوف ديناميكية، فكمما زادت ديناميكيتيا زادت ملائمتيا لمظروؼ 

 .(77، ص Bradshaw ،8914)المناخية المختمفة
 -الجافة ما يأتي: –ومف الأمثمة عمى الأغمفة الديناميكية لممباني في المناطؽ الحارة 

 رج المبنى وداخمو ويتميز بكونو مرناً ومظمَلًا اخبيف وىي عبارة عف فضاء يتوسط  :الصيفي الفضاء
وقابلًا لمسد والفتح حسب رغبة شاغمي المبنى، وميمتو الأساسية رفع الأداء الوظيفي والمواصفات 

الفضاء عمى شحف البرودة أثناء الميؿ الجافة. ويعمؿ ىذا  -الصحية لشاغمي المبنى في المناطؽ الحارة 
 ليغذي جميع الفضاءات المجاورة لو في أوقات الظييرة الحارة.

بدلالة نسبة انفتاحو عمى الجو الخارجي وعدد الأياـ الحارة وقسمت إحدى الدراسات الفضاء الصيفي 
 (:8كؿ )ش(7، 1، 8، ص 8990)شاىيف، الىخلاؿ السنة 

 ، يوماً( 54ي تكوف فييا عدد الأياـ الحارة جداً خلاؿ السنة أقؿ مف )المناطؽ الت النظاـ المفتوح -أ 

 .وىو الربط الفضائي المباشر مع المحيط الخارجي ومثاؿ عميو الشُرَؼ والبالكونات

، يوماً( 00 - 54)المناطؽ التي تكوف فييا عدد الأياـ الحارة جداً خلاؿ السنة بيف  النظاـ نصؼ المفتوح -ب 
الطرؽ الطبيعية والطرؽ الميكانيكية في السيطرة عمى مايكرومناخ الفضاء  وىنا تكامؿ تاـ بيف

الصيفي، فيتـ فتح الفضاء الصيفي عمى الخارج بواجية أو واجيتيف متعامدتيف، ويكوف عميقاً وأساسياً 
، وجدرانو الداخمية ىي نفس جدراف الغرؼ المتاخمة لو، والتي يجب أف في الييكؿ الإنشائي لممبنى
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وقد يُفتَح الفضاء الصيفي مف الداخؿ عمى فجوة  .افة المواصفات المناسبة لمعزؿ الحراريتحمؿ ك
 ىوائية عمودية لتأميف عممية التيوية في الأوقات المناسبة.

ويكوف يوماً(،  800 - 00)المناطؽ التي تكوف فييا عدد الأياـ الحارة جداً خلاؿ السنة بيف  النظاـ المغمؽ -ج 
ميقاً ومنغمقاً عمى نفسو داخؿ المبنى ومحاطاً بالفضاءات الأخرى، وعادةً ما يُفتَح الفضاء الصيفي فيو ع

 عمى فجوة ىوائية عمودية أو منور داخمي لمحصوؿ عمى التيوية العمودية في الأوقات المرغوب فييا.

الفضاء الصيفي ذو النظام نصف المفتوح وذو النظام  د البحث ىنا إن ما يعنينا ىنا ىوويؤك
كي( يُغمق في الأوقات المزعجة عمى ان تزود ىذه الفضاءات بجدار متحرك ذاتي الحركة )أوتوماتيمق المغ

 .حقق الديناميكية المطموبة لغلاف المبنىلي مرغوب فيياالغير و 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

  المتحركة:والأقنعة الكاسرات  

حيث احتوت كل وحدة سكنية فيو عمى شرفة  تصميم مقترح لمبنى سكني في مراكش،ء الصيفي: ) أ ( النظام المفتوح لمفضا
 .كبيرة بإرتفاع طابقين، متصمة مع بعضيا عمودياً ومتبادلة في التوجيو ومحاطة بجدران صماء تمنع الشرفية

 يفي.ـاء الصـة الفضـ(: أنظم2شكل )ال
 (.8، 6، ص 1881المصدر: )شاىين، 

 .المغمق لمفضاء الصيفي( النظام  ج)  .لمفضاء الصيفي ام نصف المفتوح) ب ( النظ
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لاؼ البنائي لممبنى ىو استخداـ الكاسرات الشمسية مف الحموؿ المرنة التي توفر ديناميكية عالية لمغ
المتحركة التي تغطي النوافذ مف الخارج مع ترؾ مجاؿ ىوائي بيف الكاسرة والواجية لمحصوؿ عمى تحرؾ 
ىوائي ضمف ىذا المجاؿ وما يترتب عمى الكاسرة مف تحمؿ العبء الأكبر مف الأشعة الشمسية الساقطة 

ارية العالية، وبيذه الحالة يتـ الحصوؿ عمى إيجابية مناخية في عممية السيطرة عمييا، وبالتالي الطاقة الحر 
عمى الأشعة الشمسية وحجبيا في الأوقات التي تحمؿ فييا طاقة حرارية عالية إضافةً الى المشاكؿ الضوئية. 

 .(88 – 80، ص 8008)كمونة، وبذلؾ تتوفر كفاءة عالية في الإستخداـ وبديناميكية تصميمية عالية
فتح وفقاً لحركة غمق وتُ ذاتية الحركة )أوتوماتيكية( تُ الكاسرات أن تكون  ويؤكد البحث ىنا عمى ضرورة

 ، ويفضل أن تكون من مواد خفيفة الوزن )سعة حرارية واطئة(.الشمس والحاجة إلييا
 
   جدار الحمقات الح( مميةWall Convective Loops( أو منظومة ستيف باير )Steve Baer System :) 

اـ المشمسة يرتفع اليواء الحار خلاؿ ييتو تعتمد عمى وجود صندوؽ صخري او حصى يخزف الحرارة، ففي الأنوتق
( ويدخؿ الى صندوؽ الحصى ثـ يتدفؽ الى الأعمى عبر أرضية المبنى بواسطة أجيزة تحكـ Collector) المَجمَع

. وفي الحالات التي لا يحتاج (Ductأنبوب )مف خلاؿ  مَجمَع(، ثـ يرجع اليواء الى الRegistersدخوؿ اليواء )
ا يدفئ الصخر، ثـ يرجع اليواء لأسفؿ مالمبنى فييا الى تدفئة ينتقؿ اليواء للأسفؿ خلاؿ الصخر فيفقد حرارتو عند

 (.1 )شكؿ . أما في الميؿ فالمرطب بيف الجامع وصندوؽ الصخر يغمؽ لمنع التدفؽمَجمَعال
يستخدـ منظومة ، نيوميكسيكو الواقعة في (Albuquerque) ولاية في (P. Davis) ( يوضح مسكف لػ5 شكؿ)

 .(801-807، ص Givoni ،8991)(Mark Jones) المسكف تصميـ المعماري، و بارا
سانتا في نيوميكسيكو، وىنا يدخؿ اليواء الى حيز مدينة   ة لمسكف فييدراسكحالة ( يوضح مثاؿ 4شكؿ )و

ليدخؿ وينتقؿ منو الدؼء طبيعياً للأعمى بإتجاه الجنوب قط أو المجمع الشمسي منعزؿ عف البناء يشبو اللا
يصعد عمودياً في جدراف الخزانات الحرارية الممتمئة بالحصى، تتشبع بالدؼء شبكة القنوات أسفؿ البناء ثـ 

تسخيف الماء والتيوية و  قة بمجمميا تؤمف التدفئة. وىذه الطريع عاليعبجدراف ذات تش وتشعو عمى ما حوليا
ففراغ فزجاج(  معتـ (، كما يوظؼ ىذا المثاؿ الجدار الترومبي )جدار حراريمجمع الشمسي)في منطقة ال

الى طاقة كيربائية لأغراض التبريد الشمسية وممكف استخداـ المجمع الكيروضوئي لأغراض تحويؿ الطاقة 
وبيذا فإنو وظؼ طرؽ التصميـ الطبيعي ، في التصميـالحيز الزجاجي الأخضر  وكذلؾ أدخؿ المصمـوالإنارة، 

 . (41 - 48، ص 8997)سمقيني، أيضاً مع التقنية ليجعؿ التصميـ ديناميكياً لتأميف التوازف الحراري
يؤكد عمى ضرورة تواجد البناء قرب منحدر لوضع المجمع ويعقب البحث ىنا الى ان المثال الأخير المذكور 

تخمو من المنحدرات يشير غالباً ما الجافة التي  –ناطقنا الحارة ، ولتوظيف نفس الأسموب في مالشمسي
في كأن يكون  وتوظيف المجمع الشمسي فيو استخدام الأسطح المائمة أو رفع المبنىىنا الى أىمية البحث 

 مستويات أعمى في المبنى وبإتجاه الجنوب.
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  (:Barra Systemبارا ) منظومة

( Thermosyphonicحراري ) خازفر في المبنى نحو الجنوب يحتوي عمى مة تعتمد عمى توجيو جداو ىذه المنظ
وجامع إشعاع شمسي يسخف اليواء. ينشأ اليواء الساخف في جدار جامع معزوؿ يجري اليواء بو أفقياً داخؿ 

ُُ كمخزف حراري)قنوات مطمورة في السقؼ الكونكريتي  في السقؼ  جزء مف الحرارة قد خُزِف (.والتي تعمؿ أيضاً
لذا فإف اليواء يُسخّف  ،يبقى اليواء الدافئ في القنوات الموجودة في النياية الشمالية لممبنىفي حيف لكونكريتي ا

في الجزء السفمي مف الجدار الجامع  ةدو الغرؼ البعيدة أولًا قبؿ رجوعو عبر فضاء المبنى الى المداخؿ الموج
 (.0المواجو لمشمس )شكؿ 

ية نى كونيا توزع الحرارة خلاؿ كامؿ المبنى بصورة متساوية، علاوةً عمى إمكاوترجع أىمية ىذه المنظومة ال
إستعماليا في المباني المتعددة الطوابؽ وحتى في المباني التي فضاءاتيا الأساسية غير مواجية لمشمس وىنا 

ساسي مف حرارة تُستخدـ مؤخرة المبنى أو الجية الجنوبية مف المبنى المواجية لجدار المجمع، لكوف الجزء الأ
 .(81، ص Hardy ،8001)لحراري لمجية الشمالية مف المبنىالشمس تنتقؿ أولًا بواسطة الحمؿ ا

 ا، مستخدماً منظومة بارا( والواقع في إيطاليConstantini( يوضح مسكف مؤلؼ مف طابقيف لمميندس )7شكؿ و)
(Givoni ،8991 878-809، ص). 

 

 
 
 

 تدوير اليواء لأغراض التدفئة من خلال 
 جمع الطاقة الإشعاعية الشمسية المباشرة.

 خزن الطاقة المتجمعة بعد غمق مخارج ومداخل 

 اليواء داخل الفضاء عبر الكتمة الصخرية.

 لًا.إعادة تدوير الطاقة الحرارية المخزونة لي

 (.Steve Baer(: يوضح منظومة )3الشكل )
 (.166 ، صGivoni ،1889المصدر )
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 ( New Mexico( الواقعة في )Albuquerque( في )P. Davis(: مسكن )4الشكل )
 (.Mark Jones( تصميم المعماري )Steve Baerالذي يستخدم منظومة )و 

 (.561، ص Givoni ،5221المصدر )
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1 2 3 

 الزجاج. -1

 شريحة معدنية. -2

 عازل. -3

 غرفة جنوبية. -4

 ممر. -5

 غرفة شمالية. -6

 

 الشمال جنوبال

 رقالش

 
 

 
6 

5 
4 

 (.Barra System(: منظومة بارا )6الشكل )
 (.562، ص Givoni ،5221المصدر: )

 (.Barra System( في إيطاليا، مستخدماً منظومة بارا )Constantini(: مسكن الميندس )1الشكل )

 (.510، ص Givoni ،5221المصدر: )
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  نتشار الحرارة الى خارج المبنى المائي: السقف وىذا الأسموب يعتمد عمى وصوؿ الدؼء نيار الشتاء، وا 
صيفاً عبر فتح السقؼ المنزلؽ والذي يمنع بإغلاقو الدؼء مف الضياع شتاءاً ويصده عف الدخوؿ 

ائي تتمتع صيفاً، ويقوـ عامةً بدوراف الخزاف الحراري المتوازف. وىذه الطريقة تعتمد عمى السطح الم
بديناميكية عالية في التوجيو والتحكـ الحراري حسب الطقس مما يجعؿ منيا أسموباً كفوءاً في مجاؿ 

 التوازف الحراري.

 ( يوضح مثالًا لمسكف يحتوي عمى سقؼ مائي، يقع المسكف في ولاية أريزونا 1و)شكؿ 
 لمعماري جيمفورد دراند وشركاءه. الجافة في الولايات المتحدة الأمريكية والمصمـ مف قبؿ ا –الحارة 

 الجاؼ مف خلاؿ إستجابتو  –وىنا إتخذ البناء قوامو الخارجي والداخمي ليتلاءـ وظروؼ المناخ الحار 
 لعممية الإنسجاـ المرف مع كؿ التقمبات المناخية بإيجاده السطوح المتوازنة المتعددة والتي 

 ىي عبارة عف:
سـ( طبقة خارجية خشنة  7,4سـ( فييا ) 08لتصؿ ) اكتيا الإجماليةمالجدراف: صممت س -أ 

 7,4مع وجود عازؿ حراري )أشاعت الظلاؿ الجزئية في السطوح مما رفع مف عازليتيا لمحرارة، 
 وىذه الجدراف مناسبة لموسمي الشتاء ةالصيؼ.سـ(، 

نغلاؽ السقؼ العموي  السقؼ: وسماكتو العامة -ب  قطع )ذو وديناميكيتو التي حققيا في إنفتاح وا 
ؿ تحقيؽ التوازف الحراري بواسطة محرؾ صغير، جعمتو يصؿ الحدود القصوى في مجا متزحمقة(

المنشود، حيث يُغمؽ السقؼ نياراً في الأوقات الحارة )صيفاً( ويُفتح ليلًا، بينما يُفتح السقؼ نياراً 
 في الأوقات الباردة )شتاءاً( ويُغمؽ ليلًا.

زيع الوظيفي، لموصوؿ لمتوازف و صمـ في التفاصيؿ والمواد والتالإجراءات الأخرى: وقد إتبعيا الم -ج 
 الحراري

 وفي ىذا المثاؿ تضافرت إجراءات أخرى مف طرؽ التصميـ الطبيعي إضافة لمتقنيات 
 الستخدمة فيو لرفع مردودية النتائج المناخية كالإقلاؿ مف الفتحات وحمايتيا وجعميا عميقة في 

 توزيع الوظيفي الملائـ الواجب أف يصب أيضاً في معادلة ال فضلًا عفالجدراف السميكة، 
)سمقيني، ، حيث اف جناح النوـ معزوؿ عف الجية الغربية بواسطة شريط كامؿ مف الخدماتالتوازف الحراري

 .(54 - 55، ص 8997

 ب البحث عمى ىذا المثال، انو يشكل خطوة ىامة في آفق العمارة الديناميكية لما عقِ ويُ 
مكانية يتمتع بو م  ن حمول وظفت طرق التصميم الطبيعي والتقنيات بأسموب فعّال عبر حمول مرنة وا 

 ويضيف البحث بعض التحفظات في استخدامات السقف  الجافة. –تطبيقيا تفيد المناطق الحارة 
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 المائي في ظروف العراق المحمية، وذلك لشحة المياه وسرعة تبخرىا فضلًا عن المموحة 
 العالية فييا.

 

(5) 

 منظور خارجي لممسكن

 منظور خارجي من الأعمى يوضح السقف  المائي مخطط الطابق الأرضي

 مقطــــع مكبر التفصيل ) أ (

 التفصيل ) أ (
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ويضيف البحث إمكانية أخرى للأغمفة البنائية الديناميكية لممباني وىي توظيف مفيوم الفناء بأسموب 
معاصر، إذ يعيدنا الفناء في العمارة التقميدية الى السموك الحراري المتوازن لممبنى حيث ينتقل المحتوى 

لفناء وبإختلاف درجات الحرارة اليومية الحراري لممبنى من الخارج الى الداخل وبالعكس عبر ىذا ا
الجافة، إذ يتم ىذا الإنتقال وفق قوانين عمم الإنتقال الحراري مما يخفض  –والفصمية في المناطق الحارة 

درجات الحرارة داخل المبنى عن الخارج صيفاً والعكس شتاءاً، الأمر الذي جعل المبنى أكثر إستقراراً وأقل 
تالي يمكننا إستخدام مفيوم الفناء في العمارة الحالية بأسموب معاصر فيبقى الفناء إستيلاكاً لمطاقة، وبال

 خلال ساعات النيار ومغمقاً غمق شتاءاً، ويبقى مفتوحاً مفتوحاً صيفاً ويُ 
 التي يمكن إنشاءىا و  طوال ساعات الميل لمختمف المواسم، ويتم ذلك بإضافة تقنية السقف المتحرك

وذلك  وطبقة كاسرات متحركة دائرياً  ،حديدالطبقتين من الزجاج و ئية مؤلفة من من سقف مادتو الإنشا
نظراً لإمكانية الزجاج العالية في نقل الحرارة والتي يمكن زيادة كفاءتو أيضاً بإستخدام الزجاج الذي تتغيّر 

  فضلًا عن إمكانية استخدام كاسرات شمسية دوراة قابمةوىج الشمس،  بحس فيو درجة التعتيم
 وبالتالي نحصل عمى فائدة إضافية في الكفاءة المناخية لسقف لمسد والفتح وحسب الحاجة، 

 الفناء المتحرك ىذا.
البحث إن ىذا التوجو يولد مفاىيم جديدة لممعماريين والعمارة والتي تؤدي بدورىا الى  ؤكدوىنا ي

بو والذي تقُاس فيو العمارة بمدى ظيور طرز معمارية جديدة لعصر تفاعمي بين المبنى والبيئة المحيطة 
حتراميا لبيئتيا المحيطة. ىذه العمارة ستعبّر عن بيئات متنوعة بحيث تصبح مبانييا  كفاءة مبانييا وا 

حيث ديناميكيتيا تساعدىا في التغيّر بتغيّر الظروف المناخية  تفاعمية متغيّرة وليست ثابتة المحددات،
اتيا من خلال توفيرىا أقصى حدود الراحة الحرارية لشاغمييا، عمى مدار العام، ومن ثم إحتراميا لذ

حتراميا لبيئتيا المحيطة من خلال أقل إستنزاف لمطاقة وعلاقتيا التبادلية المتوازنة حرارياً مع البيئة  وا 
 المحيطة بيا.
ضرورة الجمع بين طرق التصميم المناخي الطبيعي  ،من كل ما قد سبق ذكرهيجد البحث كما و 

لتقمبات  التقنيات الحديثة )بشكل مبسط( في أغمفة المباني الديناميكية كي تكون الحل الملائمين بو 
انيا حيث عمارة الحاضر  تواكب ىذا من ناحية، ومن ناحية أخرى،الجافة –المناخ في المناطق الحارة 

 تضمن ليا الاستمرارية والتواصل لممستقبل. وبيذاتحمل أصالة الماضي وروح الحاضر 
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   الإستنتاجات:
  الجافة ذات  –إن الأغمفة البنائية الديناميكية لممباني ىي الحل الأمثل خصوصاً في المناطق الحارة

التباين الكبير اليومي والفصمي في درجات الحرارة، إذ تعمل الأغمفة البنائية الديناميكية عمى تشكيل 
يطرة عمى بيئاتيم الداخمية، لكونيا أغمفة فائدة إضافية في إيجاد نوع من المرونة لمساكنين في الس

  .طيّعة ومتكيّفة مع البيئة المناخية المحيطة

 الأغمفة البنائية لمباني  إن النظرة الشمولية لعممية التوازن الحراري والمتحققة من خلال ديناميكية
مع المناخ مع  الجافة تمت من خلال إستيعاب مبادئ العمارة التقميدية في تكيّفيا –المناطق الحارة 

توظيف التكنولوجيا الحديثة، وصولًا الى شمول في الرؤيا لبيئتنا العمرانية لضمان استمراريتيا 
فضلًا تطورىا لتعميق دورىا الحضاري من خلال أصالة وثبات جذورىا  ومواكبتيا لمحاضر، ومن ثم 

 تاحيا لمتقنيات والعموم الحديثة.فنإ عن

 أقل  اينة الذكية ومن ثم تكون كمفة انشائبين التصميمين الطبيعي والتقاجمع الديناميكية ت الأبنيةن أ
 ، وبنفس الوقت توظف التكنولوجيا الحديثة بأسموب مبسط.من الأبنية الذكية العالية الكمفة

  إن العلاقة بين العوامل المناخية والأغمفة البنائية لممباني ىي علاقة تبادلية ديناميكية متوازنة يؤثر
 .كل منيما بالآخرويتأثر 

  الجافة يجب أن يكون نابعاً من تحقيق أعمى توازن  –تصميم أغمفة المباني في المناطق الحارة
 .حراري بين متطمبات الفترة الحارة والفترة الباردة

  جميع مظاىر الجيد الحراري تشترك بنسب متباينة تبعاً لمزمان والمكان في التأثير عمى درجة حرارة
لمغلاف البنائي لممبنى، ومن ثم التأثير عمى طبيعة سموك الإنتقال الحراري عبر  السطح الخارجي

الغلاف البنائي، وبالتالي فإن إعتماد منيجية التصميم المناخي تُع د من الإعتبارات الأساسية لموصول 
 الى ظروف حرارية ملائمة لمبيئة الداخمية لممبنى.

 عممية التوازن الديناميكي لمغلاف البنائي وطبيعة سموكو  إن استنباط الأسس والمفاىيم التي تتم بيا
الحراري مع الظروف المناخية المحيطة ىو الأساس لإنشاء أغمفة بنائية كفوءة حرارياً، والمؤدية الى 

 التقميل من استخدام الوسائل الميكانيكية لأغراض التدفئة والتبريد.

 
 

 

 

 

 

 



أثر الأغلفة الدٌنامٍكٍة على كفاءة الأداء الحراري لأبنٍة المناطق الحارة                                                                                            محمد اسماعٍلغادة 

الجافة –  

 

 iasj.net 703متوفر على الموقع التالي: 

 المصـــادر
 المصـادر العربية:

  ،ـ5553"، دار قابس لمطباعة والنشر والتوزيع، سوريا، العمارة والبيئةد.محي الديف، "سمقيني. 
 " ،مفيوم الانتقال الحراري عبر القشرة الخارجية لممبنى والجدران الخفيفة شاىيف، د.بيجت رشاد

 ـ.5551(، شباط، 64 - 62الجافة، ) -"، دورة العمارة والمناخ في المناطؽ الحارة المصنعة

 دورة العمارة والمناخ في السكن متعدد الطوابق الفضاء الصيفيف، د.بيجت رشاد، "شاىي ،" 
 ـ.5551(، شباط، 64 - 62الجافة، ) -في المناطؽ الحارة 

 أثر البيئة الطبيعية عمى مفيوم التشكيل العمراني في المناطق ، غادة محمد اسماعيؿ عبد الرزاؽكمػػونة ،
 .6115ير مقدمة الى قسـ اليندسة المعمارية، جامعة بغداد، ، رسالة ماجستالجافة –الحارة 

 
 المصـادر الأجنبية:

 Bradshaw, Vaughn, “Building Control System”, John Wiley & Sons, 1985. 

 D. Roos, Carolyn, “Principles of Heat Transfer”, Energy Efficiency Fact 

Sheet, Extension Energy Program, Washington State University,  

Washington, U.S.A, Version 1.1, March, 2008.  

 Givoni, Baruch, “Climate Consideration in Building and Urban Design”, 

Van Nostrand Reinhold, U. S. A., 1998. 

 Hardy, Mike, “A Practical Guide to Free Cooling, Alternative Cooling, 

Night Cooling and Low Energy Systems for Air Conditioning Systems”, 

Ambthair Services Ltd, 2008.  

 Watson, Donald, FAIA & Labs, Kennth, “Climatic Design”, Mc Graw-Hill 

Book Company, 1983. 

 

 

 



Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 3583 

 

 

 

 

 

 

DOWEL ACTION BETWEEN TWO CONCRETES 

 

 
 

ABSTRACT 
This paper reports eight tests in which in-plane shear forces are applied across the joint 

between two different concretes forming a composite action. Shear can be transmitted 

across the joint either by interlocking of the aggregate particles protruding from each face 

or by shearing of the reinforcement crossing the joint. Tests are conducted on initially 

cracked specimens by depending only on dowel action. The results of the tests are 

compared with theoretical results of the exponential equation presented by Millard and 

Johnson. The computer program of Al-Shaarbaf using the nonlinear behavior of concrete 

is used to perform the analysis with inclusion of the exponential equation for dowel 

action in the interface layer. The program uses 20-node brick elements with embedded 

bar elements. This program is also applied to Hofbeck et al. tests. The comparison shows 

that the experimental and the analytical results give good agreement where the difference 

between the two is between (2.5-5)% . The use of the exponential equation gives good 

results when the concrete is assumed to be initially cracked as in construction joints. 

 

 الفعل الوتدي بين خرسانتين
 ألخلاصة

 

حٌ أجشاء ثَاُّت فحىص سيطج فُها قىي اىقض عبش اىشق أو اىششخ اىَىجىد بُِ خشساّخُِ 

ٍخخيفخُِ ٍنىّخُِ ىيفعو اىَشمب. ََنِ ّقو اىقض عبش اىشق أٍا بخذاخو حبُباث اىشماً اىباسصة ٍِ 

ج اىفحىص عيً َّارج ٍخشققت وٍعخَذة مو ٍِ وجهٍ اىشق أو ٍِ خلاه اىخسيُح اىعابش ىيشق. أجشَ

فقظ عيً اىفعو اىىحذٌ. قىسّج ّخائج اىفحىطاث ٍع ّخائج ّظشَت ىَعادىت أسُت قذٍج ٍِ قبو ٍُلاسد 

ا  شعشباف اِخز بْظش الأعخباسوجىّسىُ. وىغشض أجشاء اىخحيُو الأّشائٍ فقذ حٌ اسخخذاً بشّاٍج اى
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ىَعادىت ألأسُت ىيفعو ااىىحذٌ ىيطبقت اىبُُْت. حٌ حطبُق اىسيىك اىلاخطٍ ىينىّنشَج وبالاعخَاد عيً ا

عقذة ٍع عْاطش قضباُ ٍطَىسة عيً فحىطاث  02اىبشّاٍج اىزٌ َسخعَو عْاطش طابىقُت راث 

هىفبل وجَاعخه. قىسّج اىْخائج اىخحيُيُت اىحاىُت ٍع ّخائج فحض هىفبل وجَاعخه  وقذ أعطج 

. أُ أسخعَاه اىَعادىت ألأسُت َعطٍ ّخائج ىيطبقت اىبُُْت َعطٍ اىْخائج اىعَيُت واىخحيُيُت ٍقاسّت جُذة

                                                                                       ّخائج جُذة فقظ حَُْا حنىُ اىخشساّت ٍخشققت ٍسبقا مَا فٍ اىَفاطو الأّشائُت.                                                    

 

KEYWORDS 

 Composite construction, Construction joints, Shear transfer, Dowel action. 

 

INTRODUCTION 

When two concretes one over the other are cast at different times, a construction joint 

will exist. The medium which is separating the two dissimilar concretes during the 

assemblage of  precast  and  cast – in - place  

concrete in composite construction is called interface. The highly stressed interface is a 

potential failure plane, through which shear stress is transferred, and direct shear failure 

may occur. Therefore an adequate reinforcement across such a plane must be provided to 

prevent such type of failure. Because of the external tension, shrinkage, or accidental 

causes a crack may form along such a plane even before shear occurs (13). Therefore the 

design approach should consider the interface shear capacities for both the initially 

uncracked and initially cracked concrete. It is commonly believed that a distinct 

difference exists in shear transfer behavior between initially uncracked and cracked 

specimens. The present work chooses the initially cracked model of interface because it is 

well believed that initially cracked specimens are governed largely by the shear- slip 

characteristics of the cracked plane (14).The interface area between different concretes in 

composite structures represents an unknown medium especially in shear transfer 

phenomenon. Therefore so many studies were done in this region especially the tests 

which were done by Grossfield and Birnstiel (7) on T-beams with precast webs and cast-

in-place flanges. The other difficulty is how to model the behavior of concrete under the 

existence of cracks and the assumption of initially cracked or uncracked specimen. 

However, Table (1) shows the available models used to represent shear transfer through 

interfaces in initially cracked or uncracked interfaces. 

         When load is applied, slip occurs between the two surfaces of concrete especially 

when there is no enough reinforcement bars connecting them together. The shear transfer 

is done by two mechanisms: aggregate interlock and dowel action (12). In an initially 

uncracked model most of the shear force is carried by aggregate interlock (6). In an 

initially cracked model, the 
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predominant factor in transferring shear through interface is by dowel action. Therefore 

the contribution of the bars in shear transfer is by their shear modulus which must be 

studied and evaluated (18). 

Table (1) Models of shear transfer in interfaces 

Model or theory used                                                                             Author 

 (1)Shear friction concepts (cracked and uncracked)                                                  ACI-code 318-2005 (1) 

-(relying on monolithic action)                                                                                     

(2)Increasing roughness and interface-reinforcement                                               Paulay et al.1974 (20) and 

Percentage ratio (cracked and uncracked).                                                                Patnaik 2000  (19) 

(3)Increasing concrete strength (cracked and uncracked)                                         Walraven et al. 1987 (21) 

(4)Strut-and-tie concept (uncracked)                                                                         Hwang and Lee 1999 (10) 

(5)Softened strut-and-tie concept (uncracked)                                                           Hwang and Lee  2000 (11) 

(6)Softened truss theory (cracked)                                                                             Hsu et al.  1987 (9) 

(7)Shear-slip characteristics (cracked)                                                                      Mattock and Hawkins 1972 (14) 

(8)Smooth interface model                                                                                        Patnaik 2001 (17) 

(9)Hybrid type finite element model                                                                         Barbieri et al. 2003 (3) 

(10)Elastic-plastic model (dowel action)                                                Millard and Johnson 1984,1985 (15) (16) 

(11)Two-phase model (aggregate interlock)                                                             Walraven and Reinhardt 1981 (22) 

 

 
(12) Isoparametric interface element model                                                             Beer G. 1985 (4) 
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SHEAR MODULUS OF DOWEL BARS 

Millard and Jonhson (15, 16) proposed two equations for the dowel force by considering 

the dowel bar as a beam on an elastic foundation. One of these equations is for linear 

behavior 1Fd  and the other is 2Fd  for nonlinear behavior of materials, respectively as 

follows: 

25.075.175.0

1 166.0 sfs EGFd                                              ….. (1) 

)1( 2

22

Fdu

ski

eFduFd



                                                            ….. (2) 

where the constant term is dimensionless and : 

s  is the shear displacement across the interface. 

fG  is the foundation modulus for concrete and is given by: 

cuf fG 26.126               (MPa)                                                   …..(3) 

  is the diameter of the bar. 

sE  is the elastic modulus of steel. 

By dividing Eq. (1) by s , the stiffness of the dowel bar ik  is governed by: 

25.075.175.0
166.0 sfi EGk                                                 …… (4) 

When the two sides of Eq. (1) are divided by gBP. , where P  is the pitch or the 

spacing between the bars and gB  is the width of the upper part of the precast girder 

which gives the lower face of the interface, the following equation will be obtained: 
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                                   ….. (5) 

Multiplying and dividing the right-hand side of Eq. (5) by it , the thickness 

of the interface element, the following expression is obtained: 


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25.075.175.0

1
                                      …. (6) 


            

sShearStres        DOWELusGShearModul       )(nShearStrai  

Therefore,  
g

isf

DOWEL
BP

tEG
G

.

166.0
25.075.175.0


                                 …..(7) 

 Or,              
g

i
iDOWEL

BP

t
kG

.
                                              …… (8) 

where 
25.075.175.0

166.0 sfi EGk      as in Eq.(4). However, the high stress 

concentration in the concrete supporting the bar results in a nonlinear behavior, so that 

only the initial dowel stiffness can be predicted when using this equation (16). If Eq. (2) 

is differentiated with respect to s , the following equation will be obtained: 

22 Fdu

sk

i

i

ek
sd

dFd





                                                                   ….. (9) 

sd

dFd



2
 is the nonlinear stiffness of the dowel bar which will be named ink  to distinguish 

it from the initial stiffness  ik . Here ink  is given by: 
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2Fdu

sk

iin

i

ekk



                                                                ….. (10)   

The nonlinear shear modulus of the dowel bar ( DOWELNG ) can be 

written as: 

g

i
inDOWELN

BP

t
kG

.
                                       …. (11) 

Or,
g

iFdu

sk

iDOWELN
BP

t
ekG

i

.
*2



                                                    ….. (12) 

where 2Fdu  is the ultimate shear force in the bar at which the ultimate bending moment 

(Mp) is reached. Failure occurs either by tensile splitting of the concrete or when the bar 

reaches its ultimate bending moment (Mp).  

)1(3.1 25.02

2  ycu ffFdu                                              ….. (13) 

where cuf  is the cube compressive strength of concrete, and   is the ratio of 

the axial stress to the yield stress of reinforcing steel ( ys ff / ). 

 

EXPERIMENTAL WORK 
Millard and Johnson made so many test trials to investigate the effects of aggregate 

interlock and dowel action. In their study, the governed curves were representing 

aggregate interlock results, dowel action results and a combination between the two in 

two papers (15) and (16). They suggested a nonlinear Equation (2) to represent the 

relationship between shear load transferred through interface and the slip. This equation 

is used in the present work, and to check its validity an experimental work is conducted in 

this study through a series of tests. 

The presented work is built on the assumption that the model is initially cracked, 

therefore the tests done are with an initial crack. These tests and the equation used in the 

program are for the dowel action effect only because as crack initiates aggregate interlock 

effect will be low or having a value approaching to zero. 

 

TEST SPECIMENS 
The samples tested were rectangular concrete prisms having dimensions 200 mm x 200 

mm in section and 500 mm length. The prism was divided into three parts through the use 

of a separation layer of thin polythene sheeting to eliminate aggregate interlock effects. 
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200mm 

200mm 

150mm 200mm 150mm 

4 bars of mm8  or mm12  

Four bars were used to represent the effect of dowel action which are erected in positions 

in the mold at 5 cms from each side. Details of the specimen shape and dimensions are 

shown in Fig. (1) and Photo (1).  

 

 

 

 

 

 

 

 

 

 

 

The middle prism is fabricated with a concrete having a cube compressive 

strength of 55 MPa (using rapid hardening cement) to simulate or represent the 

prestressed concrete, while the side prisms are made of concrete with cube compressive 

strength of 35 MPa for the representation of the slab concrete. The details of mix ratios 

are shown in Table (2) of Ref.(16). The middle prism is cast after fixing four deformed 

steel bars throughout the prisms length to represent dowels. The steel bars which are 

provided used as dowels are of the same bar diameter in each test. Four of the tests are 

with mm8  bars and other four tests with mm12  bars. After 24 hours, the mold of side 

parts are removed and replaced by a layer of polythene sheeting to represent the interface 

layer, then the side prisms are cast. 

         Fig.(1): Push – off  test specimen 
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PHOTO (1)  Middle prism and dowel bars used in the test 

 

Mix No. Target 

strength 

(N/mm2) 

Cement 

content 

(kg/m3) 

Water 

content 

(kg/m3) 

Fine 

aggregate 

content 

(kg/m3) 

Coarse 

aggregate 

content 

(kg/m3) 

       1       35      300      180      701     1194 

       2       55      436      205      615     1094 

The material properties are shown in Table (3). In 21 days of curing (14 days in 

water and in 7 days in air curing), the specimens were erected on a prepared frame fixed 

on a universal testing machine to conduct the test. Details of tests are shown in Fig. (2).                

   Table (3): Material properties used in the tests (16) 

Concrete used Cube 

compressive 

strength 

cuf (N/mm2) 

Tensile strength 

ctf   

cuct ff 02.08.2   

(N/mm2) 

                    Steel used 

mm12                 mm8     

yf                
sE    yf           

sE         

(N/mm2)  (N/mm2) (N/mm2) (N/mm2) 

 

 

Middle prism           55            3.9 435        196000   485      196000 

Edge prisms            35            3.5 ---------  --------    -------    -------- 

 
The load was applied incrementally to the middle prism from the bottom to push 

it up while the side prisms were fixed and no movement was allowed for them. The 

corresponding slip was measured through two dial gauges. The record comprises shear 

load transferred through the interface and slip. 

 Table (2): Concrete mix designs (16) 
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Slip measurement gauge 

Movable head for load application 

Load 

 

 

 

 

 

 

 

 

              

Fig.( 2): Instrumentation and test of push-off specimens 

 

RESULTS OF EXPERIMENTAL WORK   

The results of the tests are shown in Table (4) for the dowel bars of mmm8  and for 

mm12  and compared with the results of Equation (2). 

Figs. (3 and 4) show the relation between the shear force and the slip for two cases of 

dowel bar diameters selected )8( mm  and )12( mm .These relationships are 

represented in terms of shear force and slip for simplicity. It can be represented also by a 

relationship between the shear stress (which is mentioned also in Table (4)) and the slip. 

The shear stress,  is defined as the total shear load transmitted by the reinforcement 

divided by the area of the crack. The area of the crack is represented by the area of the 

adjacent faces of the concrete prisms (200mmx200mm). It can be shown from the figures 

that increasing the diameter of the bars resulted in a higher shear stiffness and ultimate 

stress. Failure occurred not by splitting but by crushing of the concrete (Photos 2, 3, and 

4). It is likely that the axial tension caused some localized damage and softening to the 

concrete so that there was a reduction in the splitting stresses below the bar at the crack 

(joint) face. The shear loading itself will also cause further damage to the concrete. This 

is likely to reduce the effectiveness of the tensile anchorage of the bar within the concrete 

and could explain why the crack became wider as shear loading was applied, Photo (4), 

even though no overriding of the crack faces was expected. 

 

 

Push-off specimen 
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Fig. (3) shows a comparison between the experimental and the analytical results 

governed by eq. (2) for bar of mm8  diameter (shear force transferred by dowel action 

with slip). At the same time the relationship between shear stress (transferred through 
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Millard-Johnson Eq.(5.1) results.

Experimental results using dowel bars of 8mm diameter.

interface by dowel action) and slip is explained in Fig. (5). The results give good 

comparison where most of the curve points coincided. In Figs. (4 and 6) the experimental 

and the analytical results of the tests using bar of mm12  diameter are shown. The 

results here give accurate coincidence with the others compared with the test of mm8  

bars. This surely explains the truth that the shear stress transmitted by dowels is increased 

by increasing the area of dowel bars or the number of these dowel bars. The nonlinear 

shear stiffness of the dowel action specimens may be attributed to one or both of two 

causes. The first cause is splitting or crushing of the concrete supporting the bar and the 

second cause is the plastic yielding of the dowel bars. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.(3)Comparison between experimental and Millard-Johnson Equation (2) results 

using dowels of 8mm diameter bars 
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Fig.(4) Comparison between experimental and Millard-Johnson Equation(2) results 

using dowels of 12mm diameter bars 
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 Fig.(5) Comparison between Millard-Johnson Equation 

results of shear stress-slip and experimental results using dowels of 8mm diameter 
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Fig.(6) Comparison between Millard-Johnson Equation results of shear stress-slip 

and experimental results using dowels of 12mm diameter 

 

Photos (2, 3, and 4) show the failure mode of the specimens using dowel bars of 

8mm diameter. It is clear from the pictures that the cracks are due to crushing of concrete 

near or under the dowel bars because of the reduction in splitting stresses under the bars. 

Photos (5, 6 and 7) are for dowel bars of 12 mm diameter. In these photos the same type 

of failure is repeated here with wider and more severe cracks. 

 

 

 

 

 

 

PHOTO (2) Specimen with 8mm dowel bars after test 
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          PHOTO(3) Edge cracks with 8mm bars diameter specimens 

 

                         PHOTO (4) Cracks in the face with 8mm bars specimens 

 

 

 

 

 

 

 

                         PHOTO (5) Crushing failure of specimens with 12mm bars. 
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              PHOTO (6) Face cracks with 12mmbars specimens 

 

 

 

 

 

 

 

 

                    

                        PHOTO (7) Upper and side cracks with 12 bars mm specimens 

Finite element analysis of Hofbeck et al. reinforced concrete push-off 

specimens  

The aim of the push-off tests which were done by Hofbeck et al. (8) was to study the 

transfer of shear across the interface between a precast prestressed girder and a cast -in – 

place slab. A typical specimen is shown in Fig. (7). Hofbeck et al. (8) tested thirty-eight 

specimens, some with and some without a pre-existing crack along the shear plane. 20-

node brick elements of Al-Shaarbaf (2) for concrete with embedded bar elements were 

used in the present work. Also the interface was considered as a brick element with an 
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No.10 stirrups 

127 

19 

a 

Shear plane 

No. 10 mm stirrup 

All dimensions are in mms. 

existing crack or initially cracked. Details of dimensions and reinforcement of push-off 

test are shown in Fig. (7). 

Material properties and the additional material parameters used in the finite 

element analysis are listed in Table (5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         .  

 

Table(5) Material Properties and additional material parameters of push-off 

specimen 

Fig.(7) Dimensions and reinforcement details of push-off specimen. 

Sec. a-a 

 

V Y 

127 127 

127 

127 

254 

19 

127 127 

a 

V 

X 

4 No. 16 

mm 

8 No. 13 

mm 
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Concrete ( interface also included ) 

cE  
Young’s modulus (MPa) 25200 

cf   (Hofbeck et al. 

test ) (8) 

Compressive strength (MPa) 26.9 

tf  
Tensile strength (MPa) 2.7 

  * Poisson’s ration 0.2 

Reinforcing steel 

sE *  
Young’s modulus (MPa) 200000 

yf   

Yield stress (MPa)  No .10mm 349 

No .13mm 325 

No .16mm 292 

Tension stiffening parameters 

1  

Rate of stress release as the crack widens. 41 

2  

The sudden loss of stress at the instant of cracking. 0.6 

Shear retention parameters 

  1  

 Rate of decay of shear stiffness as the crack widens. 10 

  2  

The sudden loss in shear stiffness at the instant of 

cracking. 

0.9 

  3  

Residual shear stiffness due to the dowel action. 0.1 

(*) Assumed values 
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Finite element idealization of push-off specimen of Hofbeck et al. 

The specimen which is considered by Hofbeck et al., as an initially cracked specimen is 

tested here. It is discretized into nine brick elements, one of them is the interface (element 

N0.5), Fig. (8). 

  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig .(8) Finite element mesh used for push-off specimen  of Hofbeck  et al in the 

present study 

 

The interface element has a thickness of (0.01-0.1) b, where b is the length of the 

face adjacent to interface, Desai et al. (5). Therefore, depending on the previous 

assumption the thickness of the interface is taken to be 3mm (0.1b).  

 

Viewing 

y 

x 

z 

El.1 Element 4 8 

9 

Element 7 

Element 2 

Element 3 

Element 6 

Element 5 



Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 3601 

The distribution of the nodes in the 20 – noded brick elements is as shown in 

Fig. (9). 

 

 

 

 

 

 

 

 

 

 

 

 

        

 

 

 

  

Fig. (9) Distribution of nodes on the 20- noded brick element of the test 

specimen 

RESULTS OF THE ANALYSIS OF PUSH-OFF SPECIMEN. 

In the analysis of push-off specimen tested by Hofbeck et al. (9), the interface model used 

is where dowels are used. The nonlinear Equation (11) of the shear modulus is added and 

contributed in the constitutive matrix  D . The results of the analytical load-slip relation 

by finite elements are shown in Fig. (10) which are compared with the experimental 

results. The figure indicates good agreement throughout the entire range of load – slip 

behavior. The numerical ultimate load is (222.25 kN), while the experimental ultimate 

load is (222.3 kN).  



H. M. Husain                                                                                    Dowel action between two concretes 

N. K. Oukaili 

H. S. Muhammed 

 

 3602 

0.00 0.20 0.40 0.60 0.80

Slip in (mm)

0.00

50.00

100.00

150.00

200.00

250.00

A
pp

lie
d 

lo
ad

 V
 in

 (
kN

)

Analytical

Experimental (40)

 
 

Fig. (10) Experimental and analytical load-slip curves of Hofbeck et al.(8) push-off 

specimen using Millard-Johnson nonlinear equation of dowel action  

 
Fig. (11) shows the analytical results compared with the experimental results when the 

model of linear Equation (6), proposed by Millard and Johnson (16), is used. It is clear 

that there would be a difference larger than that shown in Fig. (10) when Millard-Johnson 

nonlinear equation is used, where the ultimate analytical load obtained is (224.875 

kN).The ratio of the predicted load to the corresponding experimental load is (1.01158). 

Therefore it is preferable to use the Millard-Johnson nonlinear equation because the 

ultimate shear values in experimental and analytical results coincide. Besides it is well 

known that the relation between shear force transmitted through an interface and the slip 

is always of exponential form which coincides with that of Millard-Johnson equation. 
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Fig. (11)Experimental and analytical load-slip curves of Hofbeck et al. for push-off 

specimen using Millard-Johnson linear equation of dowel shear modulus 

 
CONCLUSIONS 

 

The conclusions which can be deduced are listed herein: 

 

1- The exponential equation presented by Millard-Johnson to represent the shear transfer 

through interface with slip by dowel action is sufficiently accurate. When comparing the 

results of this equation with the results of  tests done in the present work and  in Hofbeck 

et al. work, the two give good and reasonable comparison where the difference between 

analytical and experimental work is between 2.5% and 5% for 8mm and 12mm bars 

respectively. 

2-The exponential equation is used only for initially cracked specimens because as crack 

initiates, the transfer of shear is achieved mostly by dowel bars and hardly by aggregate 

interlock. 

3- As the area or number of dowels are increased the slip is decreased and that is due to 

the contribution of the bar stiffness in the overall stiffness of the member. 

4-It is suggested to reach to a certain equation representing the shear transfer through 

interface by combined aggregate interlock and dowel action . 
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ABSTRACT 

  An analysis was performed on the treated water from two water treatment plants in Baghdad 

city. This analysis was used to evaluate the stability of the treated water from these plants and 

that will flow in the distribution system to consider its corrosivity. The variation in water 

stability with time and distance from the north to the south of Baghdad was indicated. The 

analysis showed that the flowing water in the distribution system in Baghdad is corrosive to very 

corrosive water by calculating Ryznar stability index (RI). In Al- Karkh WTP in the north, RI 

maximum ranged between 7.958 to 9.403 where RI minimum ranged between 7.03 to 7.915. 

Where in the south Al-Rasheed WTP, RI maximum ranged between 7.119 to 8.63 and RI 

minimum ranged 6.679 to 7.994. The corrositivity of water decreased in the water flowing down 

stream. The water quality parameters affecting RI was discussed which were calcium, alkalinity, 

total dissolved solids and pH. 

 الخلاصة

ْزِ  انًٛاِ فٙ يذُٚة بغذاد. ٔانٓذف يٍ ْزا انححهٛم ْٕ لاٚجاد اسحقشاسٚة حُقٛةجحهٛم انًاء يٍ يحطحٍٛ ن ْزا انبحث جى فٙ    

ش ْزِ الاسحقشاسٚة يع انضيٍ ٔ انًسافّ ٛانًٛاِ انحٙ ججش٘ داخم شبكة جٕصٚع انًاء ٔ يعشفة يذٖ جآكهٓا. ٔقذ بٍٛ انبحث يذٖ جغ

انحٙ ججش٘ فٙ شبكة انحٕصٚع نًذُٚة  انخاسجة يٍ يحطات انحُقٛة ٔ حهٛم بأٌ انًٛاِبٍٛ شًال ٔ جُٕب يذُٚة بغذاد. جبٍٛ يٍ انح

يعايم  جشأح انًاء فٙ شًال يذُٚة بغذاد حُقٛةفٙ يحطة انكشخ ن   .بغذاد رات صفة جآكهٛة ٔرنك يٍ حساب يعايم الاسحقشاسٚة

 حُقٛةٔفٙ جُٕب بغذاد يحطة انششٛذ ن 9..6 - .6.99  ٔ يعايم الاسحقشاسٚة الادَٗ  9.4.9 -6.9.7بٍٛ  الاسحقشاسٚة الاعظى
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 6.994-7.769  ٔ جشأح يعايم الاسحقشاسٚة الادَٗ بٍٛ  3.79 - 6.999 نهًاء انًعانج انًٛاِ كاٌ يعايم الاسحقشاسٚة الاعظى

حًادا عهٗ صفات انًاء اع ُة بغذادٚانجشٚاٌ يٍ انشًال  انٗ جُٕب يٍ يذ بأججاِ ٔيٍ ْزِ انُحائج َلاحظ باٌ جآكهٛة انًاء جقم 

الايلاح انكهّٛ انزائبّ ٔ  ,انقاعذّٚ ,انحٙ جؤثش عهٗ يعايم الاسحقشاسٚة . ٔيٍ ْزِ انصفات ٔانحٙ جًث يُاقشحٓا جشكٛض انكانسٕٛو

   . دسجة انحايضّٛ

KEY WORDS                                                                                                                                                

Water Stability, Stability Index, Ryznar Index, Metal Corrosion, Water Quality. 

INTRODUCTION   
                                                                                                                                                                       

Control   of water quality in the distribution system seeks to preserve the basic characteristics of 

water during its conveyance from the point of production and treatment to the consumers tap. 

The finished water should be completely stable in its compositional and physical attributes.  Also 

the conveyance system and accessory structures (pipelines, distributing reservoirs, mains and 

serves pipes) should be reactively inert to the water being conveyed. Most water quality 

parameters affect the corrosion process to some degree and that each pipe material is affected 

differently. Altering one parameter to subdue its effect on the corrosivity of water may well 

change other water quality characteristics, perhaps rendering the water even more corrosive or 

less likely in some other way to meet drinking water standards (AWWA, 1971). This complex 

interrelationship of water quality factors that affect corrosion was dictated by many researchers. 

    Millete et al. (1980) Joined in a national survey covering water supplies serving approximately 

one fifth of the US population which showed that almost 70% of the representative utilities to 

have moderately to highly aggressive waters, where 16-18% had highly aggressive waters. The 

data were analyzed using the Langelier Index (LI) and Ryznar Index (RI).  The mean value of LI 

for the representative utilities was - 1.17 indicating aggressive waters. The data also showed that 

20% of the utilities of water supplies had an average RI above 10 indicating very aggressive 

water. A comparison between the two indices showed good agreement in the results.  

    Pisigan and Singly (1985) reported the influence of some water quality parameters in 

particular the LI on the corrosion of galvanized steel using a dynamic circulating water system. 

Metal pipes (25mm x 50mm) were used in a 40 day experimental run. The corrosion damage was 

evaluated in terms of weight loss of the metal. Three types of water were tested. The results 

showed that the greatest corrosion was in the water A of LI = - 0.46 where corrosion in water C 

of LI= 0.57 was greater than in water B of LI= 0.04. Change in water quality parameter were 

monitored, hardness and alkalinity exhibited a continuous decline. The rate of decrease of 

hardness was much greater in water A and C than in water B. The pH dropped initially and then 

increased slightly at the end of the 40 days.  

   Pisigan and Singly (1987) dictated from their experimental work that increasing the buffer 

capacity at a constant water alkalinity of 100mg/l as CaCO3 in the pH range 6-9 decreased the 

corrosion rate of mild steel. However an increase in the buffer capacity at various pH by raising 

the alkalinity did not lower the corrosion rate because of the effects of higher ionic strength and 

conductivity.  Also higher chloride content increased the corrosion rate in some waters of high 
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buffer capacities. A chlorine residual 1-1.5mg/l as Cl2 also accelerated the corrosion rate in mild 

steel and copper during batch studies. The same effect would be observed in distribution systems 

because of the high oxidation potential of hypochlorous and hypochlorite ion.  

   Al Stone et al. (1987) studied the corrosion rate of common plumbing materials. Copper and 

zinc were investigated as a function of physical and chemical water quality characteristics. For 

the systems studied, changes in dissolved O2, conductivity and temperature had a moderate affect 

on the corrosion rate of both Cu and Zn, whereas pH and chlorine residual affected Cu corrosion 

rates but not those of Zn. Increases in conductivity up to about 200 µS/cm increased Cu 

corrosion rates significantly but generally had less effect at higher values. Zinc corrosion rates 

increased with conductivity up to 1000 µS/cm. For equal conductivities, corrosion rates were 

greater in systems with chloride than in systems with HCO3, where SO4 had an effect equivalent 

to chloride on aged Cu and Zn electrodes but equivalent to HCO3 on fresh Cu.  

   Steve et al. (1987) in a 18 month monitoring program, evaluated the relationship between 

copper plumbing corrosion and variations in delivered water quality in several communities in 

the Pacific Northwest. Significant relationships were found for copper corrosion rate dependence 

on pH and free chlorine residual. The data indicated that as the pH increased from 5.8 at the start 

of the program to 7.7 after 12 months of operation, the corrosion rate decreased from a weekly 

average of 21.6µm/year to 10.2 6µm/year (a 54% decline). The regression equation coefficient 

indicated that the corrosion rate changes with chlorine residual, approximately 25.6µm/year per 

mg/l chlorine. 

 

WATER STABILITY 

     Water can exhibit a tendency to either dissolve or deposit certain minerals in pipes, plumbing, 

and appliance surfaces. This tendency is known as stability. Water that tends to dissolve minerals 

is considered corrosive. Conversely, water that tends to deposit minerals is considered scaling. 

The tendency of corrosive water to dissolve minerals can be detrimental to water quality and to 

the distribution systems. In addition to dissolving calcium and magnesium, corrosive waters can 

also dissolve harmful metals such as lead and copper from plumbing utilities. The presence of 

dissolved lead or copper in tap water, require treatment techniques to reduce the corrosiveness of 

the water. Scaling waters deposit a film of minerals on the pipe wall which reduces and, in some 

cases, prevents corrosion of metallic surfaces. If the scale deposition is too rapid, however, it can 

also be harmful. Excessive buildup of scale can damage appliances, such as water heaters, and 

increase pipe friction coefficients, in extreme cases, scale may clog pipes. Therefore, to prevent 

corrosion yet but limit scale deposition, the most desirable water is one that is just slightly 

scaling (Qasim et al., 2000).  

OBJECTIVES OF THE STUDY 

   All WTPs in Iraq are designed as conventional plants. This treatment process does not 

significantly affect the concentrations of the dissolved constituents, so the characteristics of the 

raw and treated water are quite the same. The study analyzed the quality of the effluent (treated 
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water) from the treatment plants in Baghdad. This analyze was performed on the treated water 

from two chosen plants, Al-Karkh WTP in the north of Baghdad and Al-Rasheed WTP in the 

south. The data of the water quality were recorded in Amant Baghdad (water sector) for the 

period between 2000 until 2004 for the maximum and minimum recorded parameters.  The 

analysis is to evaluate the stability of the water flowing from Al-Karkh and Al-Rasheed WTPs to 

consider its corrosivity. The variation in water stability with time and distance from the north to 

the south of Baghdad is to be indicated.  

COMMON METHODS USED TO MEASURE WATER STABILITY 

   The most common methods used for calculating the stability of water are Langelier saturation 

index (LI) and Ryznar stability index (Degremont, 1991; Kawamura, 2000; Millete et al., 1980; 

MWH, 2005; and Qasim, et al., 2000). 

1-Langelier Index (LI)                                                                                                  

   Describes a saturation index based on determined parameters which have been used in 

estimating the corrosion potential of water. This index compares the actual pH of the water to the 

pH of the water if it were saturated with calcium carbonate (Qasim et al., 2000). 

 The basic equations used for the determination of LI are:                                                                                                                                  

LI =  pH actual –  pH saturation                                                                                                  eq.1                  

where  pH actual =  measured pH of water                                                                                                       

pH saturation = (pk`2 – pk`s) +  pCa
+2

  +  pAlk  + S                                                                  eq.2             

(pk`2 – pk`s) = dissociation constant based on temperature and total dissolved solids or ionic      

strength.                                                                                                                                       

pk`2 = acidity constant for the dissociation of bicarbonate.                                                                          

pk`s = mixed solubility constant for CaCO3                                                                                                                                     

pCa
+2

 = - log (calcium ion in moles / liter)                                                                                                  

pAlk  =  - log (total alkalinity in equivalent of CaCO3/ liter)                                                              

S = salinity correction term = 2.5 µ 
½
 / (1+5.3 µ 

½
   + 5.5 µ )                                                    eq.3                              

where µ = ionic strength                                                                                                                                   

For  total dissolved solids content less than 500 mg/l ,the ionic strength may be estimated by     

2.5 x 10
-5

 x TDS . An alternate approximation of ionic strength can be made using the total 

hardness and total alkalinity (Millete et al., 1980). Table 1 shows the scale and corrosive 

tendencies of water at different Langelier index. 
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               Table 1 Scale and Corrosion Tendencies of Water with Different Langelier Index 

LI /Range Indication 

The index is zero Water is in equilibrium. 

A positive index Oversaturation and the tendency of water are to lay down a 

protective coating in the pipe. 

A negative index Under saturation and the tendency of water to be aggressive to 

the pipe. The greater the value, the greater the aggressiveness. 

 

                                                                                                                                                         

2-Ryznar Index (RI) 

   The same parameters in the Langelier saturation index are also used in this index. The Ryznar 

index is a quantitative index of the amount of calcium carbonate scale that would be formed and 

to predict the corrosiveness of waters that are non scale forming (REF). The equation for the 

determination of RI is:  

RI = 2pH saturation - pH actual                                                                                         eq.4 

Table 2 lists the scale formation or corrosive tendencies of waters with various Ryznar index 

values (Qasim et al., 2000). 

 

         Table 2 Scale and Corrosion Tendencies of Water with Various Ryznar Index Values 

RI/Range Indication 

Less than 5.5 Heavy scale formation 

5.5 to 6.2 Some scale will form 

6.2 to 6.8 Non-scaling or corrosive 

6.8 to 8.5 Corrosive water 

More than 8.5 Very corrosive water 

                                                                                        

RESULTS AND DISCUSSION  

    The stability of the treated water from the two plants (Karkh and Rasheed) was calculated 

according to the water quality of the effluents of these plants. In this study the Ryznar Index (RI) 

was used to evaluate the stability of the effluent from these plants using eq.4. The US 

Environmental Protection Agency (USEPA) has recommended the use of Langelier index and 

Ryznar index by utilities to monitor the corrosion potential of water (Pisigan and Singly, 1985). 

The measured parameters of the treated water that affect the stability index are calcium 

concentration, alkalinity, total dissolved solids and pH.     
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CALCIUM (CA) 

   After bicarbonate, calcium is the second most prevalent constituent in most surface waters of 

the world and is generally among the most prevalent three or four ions in groundwater. 

Weathering and soil ion exchange reactions are the main sources of calcium in natural waters. 

Common minerals forms of calcium are calcite, also known as aragonite (CaCO3), gypsum 

(CaSO4.H2O) anhydrite (CaSO4) and fluorite (CaF2). Calcium is generally present as the free ion 

Ca
+2

 in natural waters and adsorbed into soil particles calcium concentrations can reach several 

handred milligrams per liter in arid regions or under conditions where hydrogen ion activity is 

higher than under atmospheric equilibrium conditions. Waters with calcium levels between 60 

and 100 mg/L are generally considered moderately hard to hard as calcium is a primary 

constituent of water hardness. Calcium is of importance to industry as a component of scale. The 

precipitation of CaCO3 scale on cast iron and steel pipes helps inhibit metallic corrosion but the 

same precipitate in boilers and heat exchangers adversely affects heat transfer. Water high in 

calcium have a nuisance value in wash waters both domestic and industrial, as the alkaline 

environment causes precipitation of the calcium (scale) on fixtures and soap (MWH, 2005). 

Increasing the Ca concentration will decrease the corrosivity of water, as Ca is important in 

various roles, including calcium carbonate scales, mixed iron/calcium carbonate solids and the 

formation of a passivating film on the surface of the pipe, to control corrosion (Schock, 1989). 

From the recorded data the maximum concentration of Ca ranged between 53 to 143 mg/l in Al-

Karkh WTP as shown in Fig.1a.Whereas in Al-Rasheed WTP the maximum concentration was 

62 to 146 mg/l. The minimum concentrations shown in Fig.1b ranged 46 to 74 mg/l in Al- Karkh 

and 62 to 130mg/l in Al- Rasheed .These results indicate that calcium increased from the north to 

the south in the treated water in Baghdad city. Also a slight increase could be observed with time 

in Al-Rasheed WTP where the Ca concentrations remain at low and constant values in Al-Karkh 

WTP in the north of Baghdad. 

  

ALKALINITY (ALK)     

   Alkalinity is a measure of the ability of water to resist changes in pH. Alkalinity in water is due 

to the presence of weak acid systems that consume hydrogen ions produced by other reactions or 

produce hydrogen ions when they are needed by other reactions allowing chemical or biological 

activities to take place within water without changing the pH. The primary source of alkalinity is 

the carbonate system, although phosphates, silicates, borates, carboxylates, and other weak acid 

systems can also contribute. In water treatment plants, alkalinity is required in the coagulation 

process for the reaction of alum, lime could be added if the natural alkalinity is not enough for 

this reaction (MWH, 2005). 

   Fig.2a shows the maximum alkalinity in Al-Karkh WTP ranging from 124 to 161 mg/l as 

CaCO3 with a slight difference in Al-Rasheed WTP which was 126 to 169 mg/l as CaCO3. The 

minimum values were 94 to 143 mg/l as CaCO3 in Al-Karkh and 122 to 158 mg/l as CaCO3 in 

Al-Rasheed as shown in Fig.2b.  Also indicating that the alkalinity increased in the effluent from 

the south WTP. Corrosivity of water decreases as the alkalinity increases where it is necessary to 



 
 
 
 

Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 
3612 

provide a stable pH throughout the distribution system for corrosion control of metal pipes 

(Schock, 1989). Low iron corrosion rates and iron concentrations in the distribution systems 

have been associated with higher alkalinities (Pisigan and Singley, 1987). The alkalinity of the 

treated water from the two plants seems to decrease with time which could be observed from 

these Figs. 

   

TOTAL DISSOLVED SOLIDS (TDS) 

   TDS in water are due to inorganic salts. Principally these inorganic constituents are calcium, 

magnesium, sodium, and potassium salts of bicarbonate, chloride, sulfate, nitrate and phosphate. 

These compounds originate from weathering and leaching of rocks, soils and sediments. Also 

some of these compounds are added to the water in the treatment plant (MWH, 2005). 

The variation of TDS in the treated water was large from the two plants as shown in Fig.3a and 

Fig.3b. In Al-Karkh WTP the maximum values ranged between 280 to 680 mg/l and the 

minimum between 240 to 540 mg/l. The TDS increased in the Al-Rasheed WTP where the 

maximum concentrations reached 340 to 1020 mg/l and the minimum 330 to 800 mg/l. The 

conventional treatment process does not affect the dissolved content of the treated water so the   

 high TDS concentrations in Al-Rasheed effluent are due to the raw water quality entering this 

plant. The increasing amounts of dissolved solids in the Tigris River are due to the discharge of 

waste water, leaching of fertilizers and the natural weathering of the soil. These concentrations 

are decreasing with time from the two plants as shown in Figs.3a and 3b. 

   

HYDROGEN ION CONCENTRATION (PH) 

  pH is a measurement of the acid base properties of a solution. pH is important in water 

treatment as it directly influences the dosages of chemicals added to reduce hardness and 

coagulate particles (MWH, 2005).The higher pH of the water in the distribution system will 

decrease the solubility of the corrosion by products formed in the system (Schock, 1989).   

The maximum values of pH ranged between 7.5 to 8 in Al-Karkh WTP and in Al-Rasheed WTP 

from 7.4 to 7.9. The minimum values varied between 6.9 to 7.6 in Al-Karkh and in Al-Rasheed 

from 7.1 to 7.9.  As shown in Figs.4a, and 4b.This variation in pH of the effluent from the water 

treatment plants depend on the amount of coagulants added for suspended solids removal and the 

chlorine dose used for disinfection. The variation of pH with time seems to be stable in the two 

plants. From these Figs.pH max ranged between 7.6 to 7.9 where the min. ranged 7.2 to 7.8. 

  

RYZNAR INDEX (RI) 

  The effect of TDS content on water corrosivity is a complex issue. Both the species and the 

concentration of ions are important factors. Some species such as carbonate and bicarbonate 

reduce corrosion, whereas chloride, sulfate, bromide and nitrate ions markedly accelerate 

corrosion. Temperature also affects the corrosion process. Higher water temperatures accelerate 

the rate of corrosion by increasing the rate of the cathodic reaction. The chemical reaction rate 

generally is doubled for every 8C increase in temperature (Kawamura, 2000). Fig.5a and 5b 

show the variation in the stability index RI of the effluents from the two plants.  
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In Al-Karkh WTP RI max ranged between 7.958 to 9.403 where RI min ranged between 7.03 to 

7.915. In Al-Rasheed WTP RI max ranged between 7.119 to 8.63and RI min ranged 6.679 to 

7.994. According to Table 2 the effluents from these plants are classified corrosive to very 

corrosive water (RI is more than 6.8). The high RI value in the treated water from Al-Karkh 

WTP was because of the low Ca and alkalinity content. The RI max. for the two plants remain 

varying between 8.0-8.5 in Al-karkh and 7.5-8.0 in Al-Rasheed, where RI min. ranged 7.5-7.7 

and 7.1-7.3 respectively. This may indicate a constant corrosivity with time. The corrosivity 

index show that the water is corrosively high in the north part in Baghdad city (Al-karkh WTP) 

and decreases at the south (Al-Rasheed WTP). 

    

CONCLUSIONS 

1-Water quality affects the corrositivity of the treated water flowing from the WTPs to the 

distribution system in Baghdad city. The parameters most influence the corrosion and leaching 

the materials of the distribution system are:                                                                                                                                                 

a- Calcium (Ca) concentration increased in the treated water from Al-Rasheed WTP that might 

decrease its corrosivity.                                                                                                                                                   

b- Alkalinity (Alk) increased in the effluent of water treatment plant in the south that affects the 

corrosivity inversely.                                                                                                                                            

c- The increasing amounts of the total dissolved solids (TDS) in the Tigris River are due to the 

discharge of waste water, leaching of fertilizers and the natural weathering of the soil. These 

concentrations are high in the flowing water in the south of Baghdad. As mentioned before the 

treated water also contains high amounts of these contents that will increase the corrosivity of the 

water. 

2- The calculated stability index RI indicated that the treated water from the two plants was 

corrosive to very corrosive water. The corrosivity index show that the water is highly corrosive 

in the north part of Baghdad city (Al-karkh WTP) and decreases at the south (Al-Rasheed WTP). 

   

 

RECOMMENDATIONS 

   Control   of water quality in the distribution system seeks to preserve the basic characteristics 

of water during its conveyance from the point of production and treatment to the consumers tap. 

The finished water from the two treatment plants should be completely stable in its 

compositional and physical attributes.  Several methods could be applied in the treatment plants 

to produce stable water like pH adjustment or adding corrosion inhibitors. The treatment process 

in Al-karkh plant should be highly adjusted, as the corrosivity index indicates very corrosive 

water.  
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ABSTRACT 

         The objective of this research is to present the numerical analysis of deep 

foundation system namely controlled modulus columns (CMC) for support of 

embankments. This paper describes the analysis modeling used for CMC foundation 

system using the finite element method. The elasto-plastic finite element model used to 

simulate the embankment soil foundation has been verified against field data. The results 

obtained from this study showed that the effect of CMC could be negligible when the soil 

strength increased in terms of its angle of internal friction. With low values of internal 

friction angle, the CMC reduce the potential of surface deformation about 12%. The 

values of surface deformation decreased with column diameter until it reach constant 

value at (0.5m) where less than this values the reduction in deformation could be 

negligible or have insignificant effect. The maximum deformation was observed at the 

middle of embankment, also the deformation at the embankment foundation reduce by 

about (17%) when take into consideration the CMC in soil embankment foundation. 

 

 الخلاصة:

لدعم (CMC)ان الهدف من هذا البحث هو لتقدٌم التحلٌل العددي لنظام اسس التعلٌات الترابٌة المسمى          
باستخدام طرٌقة العناصر المحددة . ان  (CMC)المستخدم لـ    التعلٌات الترابٌة. هذا البحث ٌصف التمثٌل التحلٌلً

حددة استخدم لتمثٌل نظام التعلٌة الترابٌة وتم مقارنتة مع نتائج حقلٌة. ان نموذج المرونة اللدونة بطرٌقة العناصر الم
التربة بدلالة  مقاومةٌمكن اهماله بزٌادة  CMCالنتائج التً تم الحصول علٌها من هذه الدراسة اظهرت ان تاثٌر 
. %12شوه السطحً بحوالً ٌقلل نسبة الت CMCزاوٌة الاحتكاك الداخلً. ولقٌم قلٌلة لزاوٌة الاحتكاك الداخلً فان 

حٌث ان اقل من هذه القٌمة  (m 0.5)ان قٌم التشوه السطحً تقل مع قطر العمود حتى ٌصل الً قٌمة ثابتة  حوالً
ٌمكن اهمال النقضان الحاصل بالتشوه او ٌصبح تاثٌره غٌر ملحوظ. واعلى قٌمة للتشوه لوحظت تحت منتصف 

فً اساس  (CMC)عند الاخذ بنظر الاعتبار الـ  (%17)ة ٌقل بحوالً التعلٌة, كذلك ان التشوه فً اساس التعلٌ
 التعلٌة الترابٌة.
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INTRODUCTION 

         When the embankment is founded on soft soil deposits several problems arises such 

as settlement or stability problem due to lack of bearing capacity, and or in case of loose 

saturated fine sand subjected to liquefaction due to ground shaking. To overcome these 

difficulties, a wide range of deep foundation systems has been developed for construction 

of embankments on soft soils (Porbaha et. al, 2002 a). The objective of this research is to 

present new deep foundation system namely controlled modulus columns (CMC) for 

support of embankments. 

         The behaviour of a test road embankment constructed on soft soil deposits at 

Haarajoki, Finland is simulated with a multi-laminate constitutive model accounting for 

structural anisotropy and destructuration effects. Structural anisotropy is achieved by 

directional distribution of the state variables which are responsible for the bonding of 

natural soft soil material. The numerical calculations are completed with a finite element 

method program capable to perform coupled static/consolidation analysis of soils. 

Problems related to the initiation of in situ stress state, conditions of preconsolidation. 

Despite simple assumptions concerning field conditions and non-viscous formulation of 

the constitutive model, the obtained final results are of a sufficient accuracy for 

geotechnical practice (Neher and Cudny, 2003).  

        The objective of this research is to present the numerical analysis of deep foundation 

system namely controlled modulus columns (CMC) for support of embankments. This 

paper describes the numerical modeling used in the analysis of CMC foundation system 

using the finite element method. Under uniform surcharge traffic load the problem can be 

studies by plain strain conditions. The approach to the problem allows taking into 

consideration the settlement tolerance associated with these conditions; and the 

variability in different soil characteristics.  

         The Controlled Modulus Column (CMC) as shown in Figure(1), is a ground 

modification system that reinforces soil by screwing hollow auger into the soft soil and 

installing a low pressure cement-based grout column through the hollow auger. The 

combined effect of densification and reinforcement improves characteristics of the soft 

ground due to composite action. The CMC system uses a displacement auger 

powered by equipment with very large torque capacity and very high downward 

thrust, which displays the soil laterally with virtually no  spoil or vibration. The 

auger is screwed to the soil to the required depth and such it increase the density of 

the surrounding soil and thus increases its load bearing capacity (Porbaha et. al, 

2002 b).  
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Figure (1): Concept of Column- Supported Embankment. 

 

FINITE ELEMENT ANALYSIS AND MODELING 

       Work conducted in this part of research aims to numerically analyzing the behaviour 

of performance embankment structure with CMC system. Numerous researchs used 

F.E.M to analyze embankments structure over soft soils ( Andrawes et. al. 1980, Han 

and Gaber 2002, Li and Rowe, 2002) and embankments with vertical band drains 

(Indrartna, et. al. 1992, Hird et. al. 1992). Porbaha et. al ( 2002 a) simulate the CMC 

using the axiymmetrical finite difference method to study the behavior of embankment 

structure with CMC system.  

         In this paper the method of CMC is described and simulated using finite element 

numerical analysis as a plane strain conditions with elasto plastic hyperbolic yield 

criteria. The finite element analysis using the computer program is conducted to discern 

the stress, strain and surface deformation magnitudes and distribution beneath 

embankment under varying parameters including column diameter, mesh dimension, soil 

strength properties. The numerical results are compared with field data.  
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MODELING OF PROBLEM 

         The implementation of the model and simulation of embankment soil foundation 

behavior have been completed using the finite element approach. The finite element mesh 

and the boundary conditions are shown in Figure (2). Which include 48 elements for soil 

foundation and 32 elements for embankment. Eight nodded rectangular element has been 

adopted in this study with 263 nodes and the boundary conditions were adopted as 

follows: vertical boundaries have zero lateral movements, i.e, roller support and the 

bottom horizontal boundary was restrained both vertically and horizontally.  

         The finite element program developed in this research  is primarily based on the 

program P6.2 presented by Smith and Griffiths (1998) for the analysis of elasto plastic 

constitutive relations under static loading case. This program is an educational one and 

has many limitations regarding loading and geometry conditions. 

         Extensive modifications and newly added subroutines are found necessary to 

incorporate the initial stress conditions, where the magnitude of insitu stresses in soil 

embankment layer should be computed at the beginning of the incremental solution, also 

the embankment layer elements, different properties for different layer, simulation of 

cement column in embankment soil foundation system  

         The F.E. program is described, as shown in Appendix (A). The basic finite steps are 

performed by primary subroutines, which rely on auxiliary subroutines to carry out 

secondary operations. An auxiliary subroutine may be required by more than subroutine 

and the order of calling of the primary subroutine is controlled by a main or master 

routine.   

         

 

 

 

 

 

 

 

 

 

 

 

Figure (2): The Finite Element Mesh. 
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Verification of Computer Program 

         The results of the finite element program were compared with field data for an 

embankment section to verify the correct implementation of soil embankment foundation 

system used in this research. A major instrumented embankment was constructed to 5.5 

m elevation above ground level and over soft compressible clay deposit at Leneghan, 

Newcastle in May 1995 (Manivannan, 2005). 

        The Field and finite element results for predicting performance of this embankment 

are described. The measured vertical displacement profiles obtained from the HPG 

reading (horizontal reading profile, based on hydrostatic pressure difference) at the 

foundation level. The embankment profile used for verification of finite element program 

is shown in Figure (3). Also the input parameters are shown in Table (1) (Manivannan, 

2005). The finite element program results have been verified against the field data as 

shown in Figure (4). The results obtained from finite element analysis are seemed to have 

reasonable agreement with the observed performance of Leneghans embankment in terms 

of vertical displacements. The vertical displacement is measured at the toe of 

embankment and the maximum deformation was observed at middle of embankment 

profile. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3): Profile of Cross Section for Test Embankment. 
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Table (1): Input Parameter for F.E. Program Verification. 

 

Material Embankment 

Soil 

Foundation Soil 

(soft soil) 

E (kPa) 50 20 

Poisons Ratio (v) .3 .4 

Friction Angle (
o
 ) 28 25 

Cohesion (kPa) 5 9.2 

Unit weight (kN/m
3
 ) 20 17 
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      Figure (4): Verification of F.E. Computer Program. 

         Also verification of computer program for horizontal and vertical stress distribution 

with depth have been made. Haarajoki test embankment, which its profile section is 

shown in Figure (5), has been implemented with finite element program and the material 

parameters are shown in Table (2) (Neher and Cudny, 2003). 

The comparison between field and numerical results are presented in Figure (6) and (7) 

for vertical and horizontal stress distribution respectively and a good agreement is 
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obtained. But still horizontal stress is overestimated at some location due to the applied 

isotropic hardening adopted in the finite element program. 

 

 

Table (2): Input Parameter for F.E. Program Verification (Neher and Cudny, 2003). 

 

Material Embankment 

Soil 

Foundation Soil 

 

E (kPa) 50 20 

Poisons Ratio (v) .15 .2 

Friction Angle (
o
 ) 35 25 

Cohesion (kPa) 3.0 5.7 

Unit weight (kN/m
3
 ) 21 15 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (5): Profile of Cross Section for Haarajoki Test Embankment. 
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Figure (6): Vertical Stress Distribution below Embankment. 
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Figure (7): Horizontal Stress Distribution below Embankment. 
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RESULTS AND DISCUSSIONS 

       Before the Finite element analysis, the effect of element number on finite element 

analysis results was checked by comparing the finite element results for two cases with 

different element number. As shown in Table (3), a check case had four times the 

foundation elements, four times embankment elements. The F.E.M analysis predicted 

almost the same maximum surface deformation and maximum foundation stress for both 

cases. 

  

Table (3): Effect of Element Numbers on Accuracy of Results. 

Case Element Number Surface 

Deformation(m) 

Foundation 

Stress (kPa) Foundation 

Element 

Embankment 

Element 

Base case 48 32 0.02044 192.523 

Check case 192 128 .02035 191.997 

 

         After complete the verification of F.E. program for both model simulation and the 

accuracy of element numbers, the behaviour of CMC with embankment foundation 

system has been investigated. The profile section of embankment with CMC is shown in 

Figure (8) for 1.4 C/C column spacing, and a parametric study was conducted. The input 

parameter used in the finite element analysis is listed in Table (4) below with traffic load 

surcharge 20 kPa .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (8): Profile of Cross Section for Studied Embankment. 
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Table (4): Input Parameter for F.E. Analysis. 

Material Embankment Soil CMC Transition Layer 

(Stiff Layer) 

E  50 (kPa) 11000 MPa 80 

Poisons Ratio (v) .4 - .3 

Friction Angle (
o
 ) 5-30 - 30 

Cohesion (kpa) 5 - 20 

Diameter (m) - 0.2 – 1.0  

                To consider the effect of soil strength, angle of friction are considered in 

parametric study. Figures (9) and (10) show the effect of soil properties on surface 

deformation at the toe of embankment in terms of angle of internal friction and undrained 

shear strength. It can be concluded that the effect of CMC could be negligible when the 

soil strength increased in terms of its angle of internal friction. With low values of 

internal friction angle, the CMC reduce the potential of surface deformation about 12%.  

 Also Figure (11) show the effect of column diameter on surface deformation. The finite 

element results indicates that the values of surface deformation decreased with column 

diameter until it reach constant values at (0.5m) where below this values the reduction in 

deformation could be negligible or have insignificant effect.    

        Figure (12) show the variation of surface deformation at the bottom of embankment 

with radial distance. The maximum deformation as shown in figure is in the middle of the 

embankment foundation, and the deformation at the embankment foundation reduce by 

about (17%) when take into consideration the CMC in soil embankment foundation. 
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Figure (9): Variation of Surface Deformation with Angle of Internal Friction. 
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Figure (10): Relation of Undrined Shear Strength with Surface Deformation. 
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Figure (11): Effect of Column Diameter on Surface Deformation. 
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Figure (12): Variation of Bottom Deformation with Radial Distance. 

 

STRESS DISTRIBUTION BENEATH EMBANKMENT  

        The stress distribution was evaluated using elasto-plastic analysis with the finite 

element program. And the obtained results were plotted using surfer program to obtain 

contour lines of horizontal and vertical stress distribution as shown in Figure (13) and 

(14) respectively. It can be observed from these figure that the horizontal stress increase 

with depth below embankment.  

Figures (15) and (16) represent the 3D surface for horizontal and vertical distribution 

respectively. According to the stress distribution pattern shown in Figures below for 

vertical stress, a stiff layer between the embankment and CMC should be applied to 

ensure that the great part of the generated stress transfer to the head of control modulus 

column CMC and to study its effect, a transition layer between embankment and soil 

foundation is applied as shown in Figure (8) with properties of stiff soil as shown in 

Table (4). Figure (17) and (18) show the horizontal and vertical stress distribution with 

depth below embankment respectively. Also the 3D-surface for horizontal and vertical 

stress distribution are shown in Figure (19) and (20) respectively.  
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Figure (13): Contour Lines of Horizontal Stress Distribution beneath Embankment. 
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Figure (14): Contour Lines of Vertical Stress Distribution beneath Embankment 

without transition Layer. 
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Figure (15): 3D surface of Horizontal Stress Distribution beneath Embankment.  

 

 

Figure (16): 3D surface of Vertical Stress Distribution beneath Embankment.  
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Figure (17): Contour Lines of Horizontal Stress Distribution beneath Embankment 

with Stiff Layer. 
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Figure (18): Contour Lines of Vertical Stress Distribution beneath Embankment 

with Stiff Layer. 
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Figure (19): 3D surface of Horizontal Stress Distribution beneath Embankment.  

 
 

 

Figure (20): 3D surface of Vertical Stress Distribution beneath Embankment.  
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CONCLUSIONS 

         The deformation of embankment supported on controlled column modulus 

improved foundation soil and can be analyzed using numerical methods. The following 

conclusions remarks are obtained: 

1. The elasto-plastic finite element model used to simulate the embankment soil 

foundation system including different layer properties and CMC have been verified 

against field data and seemed to have reasonable agreement with the observed 

performance of Leneghans embankment in terms of vertical displacements.  

2. The effect of CMC could be negligible when the soil strength increased in terms of its 

angle of internal friction. And with low values of internal friction angle, the CMC reduce 

the potential of surface deformation about 12%.  

3. The values of surface deformation decreased with column diameter until it reach 

constant values at (0.5m) where below this values the reduction in deformation could be 

negligible or have insignificant effect. And the maximum deformation was observed at 

the middle of embankment, also the deformation at the embankment foundation reduce 

by about (17%) when take into consideration the CMC in soil embankment foundation.  

4. The stress distribution pattern for vertical and horizontal stress increases with depth 

below embankment, and according to the stress distribution pattern a stiff layer between 

the embankment and CMC should be applied to ensure that the great part of the generated 

stress transfer to the head of control modulus column CMC.   
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Appendix A 

Flow Chart of Computer Program 
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ABSTRACT 

This investigation is concerned with the linear alkylbenzene production reaction 

by the alkylation of benzene with long chain olefins   C10-C13 over various prepared solid 

acid catalysts. The alkylation process was studied at different reaction temperature, 

Weight hourly space velocities and with constant pressure and benzene/olefin ratio.  The 

liquid-phase of alkylation of benzene with olefins carried out over prepared 

tungstophosphoric acid supported on SiO2 with 5, 10, 20 and 30 wt. % loading catalysts 

in a fixed bed reactor. Prepared tungstophosphoric acid supported over silica catalyst with 

30 % loading gave the highest conversion of olefin to linear alkylbenzene (94% 

conversion) at 398K and 5h
-1

. The study of the kinetics of benzene alkylation with olefins 

over these prepared catalysts reveals that the reaction is second order. The value of Thiele 

modulus for each prepared catalysts is lower than 0.4 which means that diffusion free 

regime and the surface reaction is the limiting step for the alkylation process.  

 

 INTRODUCTION    

 The alkylation of benzene with higher n-alkenes, basically in the range of C10 to 

C13, is preformed industrially in the manufacture of linear alkylbenzene (LAB), an 

intermediate used in the production of linear alkylbenzenesulphonate (LAS), the most 

important biodegradable surfactant in the detergency sector. 
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 LAB is industrially produced by one of three technologies of benzene alkylation 

from alkenes with hydrofluoric acid or aluminum trichloride as catalysts or from 

chloroalkanes in the presence of aluminum trichloride as a catalyst
 (1)

. These two Friedel-

Crafts catalysts (hydrofluoric acid and aluminum trichloride) give different phenyl isomer 

distributions in the LAB produced. Alkylation using homogeneous catalysts such as 

sulphric acid, hydrofluoric acid and aluminum trichloride has been investigated by Alul 

(2)
 and Olson 

(3)
. 

 Since homogeneous acid catalysts are a source of pollution, industrial hazard and 

equipment corrosion, a good deal of effort has been into research and development to 

replace hydrofluoric acid HF and aluminum trichloride AlCl3 by a non-corrosive solid 

catalyst having acid properties. A Wide variety of heterogeneous catalysts has been 

investigated so far, such as rare earth X and Y zeolites 
(4)

, silicotungstic acid supported on 

alumina and on silica-alumina 
(5)

, ZSM-4, ZSM-5, ZSM-20, ZSM-38, ZSM-12, 

mordenite and offertite 
(6-11)

, Ca, NaY 
(12)

, HNaY zeolites 
(13)

, MCM-22 
(14)

 and with 

aluminum silicate and/ or magnesium silicate 
(15-16)

. Sivasanker and Thangaraj 
(17)

 and 

Sivasanker et al. 
(18)

 have studied the alkylation of benzene with an industrial mixture of 

higher alkenes for the production of LAB over β-zeolite, mordenite and ZSM-12 

catalysts. Universal Oil Products       (UOP/ Petresa) have announced new process in 

Canada using a solid acid catalyst and the first industrial plant using this solid acid 

catalyst technology operated in Canada in 1995 
(19-20)

.  

 To measure how much the reaction rate is lowered because of the resistance to 

pore diffusion, the quantity  called effectiveness factor must be defined 
(21)

.  

)(

(
.

porebyslowednotifrate

porewithinratereactionmeanactual
FactorEff    .... (1) 

.,

,

resistdiffusionwithoutr

diffusionwithr

A

A                      …. (2) 

 Thiele modulus can be estimated for each catalyst type depending on its physical 

properties and process operation condition. For first order surface reaction Thiele 

modulus can be estimated in Eqn. (3). 
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 2*
e

T D
kLM                                                                …. (3) 

 The aim of this work is the production linear alkylbenzene by alkylation of 

benzene with long chain olefins over prepared solid acid catalysts such as 

tungstophosphoric acid supported on silica with 5, 10, 20 and 30 wt. % loading catalysts 

in a fixed bed reactor. Study the effect of various range of temperature and weight hourly 

space velocity (WHSV). Then studying the reaction kinetics and developing the 

mathematical model to describe the rate of reaction and estimate all parameters of this 

model.   

 

EXPERIMENTAL WORK  

Experimental Equipment 

 The experimental equipment used in this study is shown in the Figure (1). 

Benzene and olefins were charged in a feed conical vessel. Dosing pump flows the 

mixture of olefin and benzene to the reactor at volumetric flow rate   (0- 1000) cm
3
/h and 

discharge pressure 10 bar. The reactor is stainless steel tube with 19 mm inside diameter, 

800 mm length and 2mm thickness (Catatest Model BL-2 supplied by Geomecanique, 

France). The reactor supplied with four heaters (150 mm length for each) and 2 insulators 

(100 mm length). These heaters were controlled by a temperature indicators and 

controllers to set the desired temperature for each one automatically. The temperature 

reading along the full length of reactor was obtained by chromel-alumel thermocouples 

(K type). For each experiment 10 g of catalyst was charged in the middle zone of the 

reactor between upper and lower zone filled with inert glass beads.   
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Fig. (1) Alkylation Reaction Unit (Photographic View) 

 

Process flow diagram of the alkylation process 

 The alkylation process was examined at reaction temperatures varied from 353-

398 K, while the weight hourly space velocities from 5-20h
-1

. The pressure and benzene 

/olefin ratio were kept constant at 10 bar and 10/1, respectively. Before the alkylation 

reaction was started, the catalyst was activated at 423 K and atmospheric pressure in 

nitrogen flow of    (1 liter/h) for 2 h. Then the catalyst bed was cooled to about 333 K and 

N2 flow was adjusted at 10 ml /min to keep the system at the required pressure 10 bar. 

The mixture of benzene and olefins were charged from the conical vessel to the reactor 

through check valve. The flow rate of reactants was adjusted to the desired value for each 

particular experiment. The mixture of reactants (Benzene and Olefins) and N2 is entering 

the preheating zone and then passed the catalyst bed. As soon as the flow rate of reactants 

was stabilized, the temperature of the reaction section was adjusted to the desired for each 

particular experiment. The liquid product was collected in a liquid receiver, which was 

drained at the end of the run to collection flask. 
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Preparation of tungstophosphoric acid supported on SiO2 catalyst 

Series of tungstophosphoric acid catalysts supported on silica with different 

texture properties were prepared by impregnation method. Supports were impregnated 

with aqueous solutions of the acid using the incipient wetness technique. After 

impregnation the catalysts were dried at about 393K for 2.5h. The obtained material was 

then calcined at 523K for 3h, in an electrical furnace. 

 

Test method 

 The weight percentage of SiO2 was determined by fusion method 
(22)

. The fusion 

mixture in this method was (K2CO3+Na2CO3).  

 An off-line gas chromatograph (Packard 438A, USA) flame ionization detector 

(FID) was used to analysis the composition of linear alkylbenzene in the liquid product. 

The apparatus consists of a stainless steel capillary column with 50m long and 0.25 mm 

inside diameter. The column was open tube coated (SE–30) name type.  

 

RESULT &DISCUSSION 

Effect of temperature 

 
 The effect of reaction temperature in the range of 353- 398 K on olefin conversion 

at different space velocities was studied. As expected, Figure 2 shows that the increasing 

of temperature will increase the olefin conversion. The olefin conversion at WHSV= 20h
-

1
 was not significantly affected by the increasing of the temperatures from (355- 398K). it 

was found that no dialkylated product was found even when the temperature was 

increased from (355-398K). This was because of excess benzene in the reaction mixture. 

In contrast, at 15, 10 and 5 h
-1 

the conversion was significantly increased with increasing 

the temperatures. In addition, high reaction temperature (≥ 433K) can lead to the 

comparatively quick deactivation of catalyst. It could be expected that the tendency of the 

polymerization of olefin would be raised by high reaction temperature         (≥ 433K)
23

. 
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Effect of WHSV 

 The effect of weight hourly space velocity between 5-20h
-1

on olefin conversion at 

different reaction temperatures was studied. The results of this investigation were 

presented in Figure (3). This figure show that the decreasing of WHSV will increase the 

olefin conversion, because the decreasing in WHSV of the feed results to increasing in 

the residence time, which leads to aplenty of contact time of the feed (reactants) with the 

catalyst inside reactor, and this means effectives conversions of olefin to linear 

alkylbenzene. All the results indicate that low WHSV is favored alkylation process. 

 

Kinetic of alkylation process 

 The kinetic of alkylation process of olefin and benzene was studied. For second 

order kinetic reaction, the performance equation for reactors containing porous catalyst 

particles for plug flow type, which represented the solid catalyzed reactions
 (21)

, the 

performance equation may be obtained in Eq.(1). 

 
)1( A

A
A

X

X
Ck


 


                                               .… (4) 

 A plot of 
A

A

A Cvs
X

X
 

1
 gives straight lines with slopes equal to alkylation 

rate constant for linear alkylbenzene produced over various types of catalysts. The 

statistical analysis of these straight lines was computed to identify significant. The 

correlation coefficients (ρ
2
) for all the straight lines of second order kinetic reaction are > 

0.95 which is statistically significant. The alkylation rate constants for linear 

alkylbenzene tabulated in            Table (1). These results indicated that the alkylation rate 

constant increased with increasing reaction temperature.    

  

Thiele Modulus and Effectiveness factor   

 For second order kinetic reaction, Thiele modulus was obtained by eqn. (5). 

 
e

obsA
T

D

Ck
LM

)( 
                                            …. (5) 
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 Effective diffusivity for a porous solid can be estimated by using            eqn. (6) 

(24)
. 

 
M

T

S
D

pgm
e








2

19400                ….. (6) 

The effective diffusivities as well as Thiele modulus values were calculated and 

presented in Table (2). 

 The effectiveness factor for all types of catalyst was near to be 1 because Thiele 

modulus values were very small (MT< 0.4) as mentioned by H.Scott Fogler 
(25)

, 

Levenspiel 
(21)

 and Hougen and Watson 
(26)

 that indicates the concentration of reactant 

doesn’t drop appreciably within the pore, thus pore diffusion offers negligible resistance. 

This can also be verified by noting that values for MT means either short pore, slow 

reaction or rapid diffusion, all three factors tending to lower the resistance to diffusion.  

 

CONCLUSIONS 

The liquid-phase of alkylation of benzene with olefins was examined by 

tungstophosphoric acid supported on SiO2 with 5, 10, 20 and 30 wt. % loading catalysts 

in a fixed bed reactor. Alkylation conversion increased with increasing temperature of 

reaction 353-398K and decreasing with increasing WHSV 5- 20h
-1

. Prepared 

tungstophosphoric acid supported over silica catalyst with 30 % loading gave the highest 

conversion of olefin to linear alkylbenzene (94% conversion) at 398K and 5h
-1

The 

alkylation reaction of benzene with olefins is well represented by second order 

performance equation for reactor containing porous catalyst particles as plug type. The 

values of Thiele modulus for each prepared catalysts are (< 0.4) which means that 

diffusion free regime and the chemical surface reaction is the limiting step for alkylation 

process. 
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Fig. (2) Effect of Temperatures on the Olefins Conversion at Various   WHSV for 

HPW/SiO2= 30 wt. % Catalyst. 
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Fig. (3) The Effect of Weight Hourly Space Velocity on the Olefin     Conversion at 

various temperatures for HPW/SiO2 = 30 wt. % Catalyst. 
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Table (1) The alkylation rate constants for linear alkylbenzene production 

HPW / SiO2- 5 wt.% 

)(K

eTemperatur
 

)../( 2
hmolKglit

k
 

353 32.00 

368 43.30 

383 65.00 

398 68.00 

  HPW / SiO2- 10 wt.% 

)(K

eTemperatur
 

)../( 2
hmolKglit

k
 

353 39.87 

368 53.50 

383 66.20 

398 82.00 

HPW / SiO2- 20 wt.% 

)(K

eTemperatur
 

)../( 2
hmolKglit

k
 

353 59.00 

368 117.00 

383 172.00 

398 228.50 

HPW / SiO2- 30 wt.% 

)(K

eTemperatur
 

)../( 2
hmolKglit

k
 

353 167.00 

368 451.10 

383 859.00 

398 1806.00 
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Table (A-6) Thiele Modulus with relative properties 

 

 

HPW / SiO2- 5 wt.% 

)(K

eTemperatur
 De * 10

3 

(cm
2
/s) 

310*TM
 

353 1.43 2.88  

368 1.46 3.25 

383 1.49 3.84 

398 1.51 3.82 

HPW / SiO2- 10 wt.% 

)(K

eTemperatur
 De * 10

3 

(cm
2
/s) 

310*TM
 

353 1.47 3.25 

368 1.50 3.63 

383 1.53 3.78 

398 1.56 4.16 

HPW / SiO2- 20 wt.% 

)(K

eTemperatur
 De * 10

3 

(cm
2
/s) 

310*TM
 

353 1.68 3.50 

368 1.71 4.50 

383 1.74 5.25 

398 1.78 5.38 

HPW / SiO2- 30 wt.% 

)(K

eTemperatur
 De * 10

3 

(cm
2
/s) 

310*TM
 

353 1.74 4.47 

368 1.78 5.97 

383 1.81 7.34 

398 1.85 8.29 
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Nomenclature 

De Effective diffusivity  cm
2 

/ s 

k  Catalytic reaction rate constant lit
2
/mol.kgcat s 

k   Catalytic reaction rate constant. lit
2
/mol.h.m

3
cat 

L Characterization length of catalyst particle m 

M  Molecular weight.  g / mol 

MT Thiele modulus  

Sg Surface area of catalyst. cm
2 

/ g 

T Temperature K 

X Olefin conversion. ….. 

 

ABBREVIATION 

FID Flame ionization detector. 

GC Gas chromatography 

HPW Tungstophosphoric acid  

LAB Linear alkylbenzene. 

LAS Linear alkylbenzenesulphonate 

UOP Universal Oil Product. 

WHSV Weight hourly space velocity. 

ZSM-12 Zeolite Socony Mobile-12 

ZSM-5 Zeolite Socony Mobile-5 

 

GREEK SYMBOLS 

  Effectiveness factor.  --- 

  Void fraction --- 

m  Tortuosity factor --- 

 
2  

Correlation Coefficient --- 

P
  Solid density g/cm

3
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ABSTRACT 

The effect of temperature ( 30,40,50,and 60
0
C) on the polarization resistance (Rp) has been 

analyzed for the corrosion of carbon steel in 1,3, and 5N HCl solution in absence & presence of 

phenylthiourea(PHTU) as corrosion inhibitor.The polarization resistance was measured at above 

mentioned conditions using BETACRUNCH program developed by Green and 

Gandi[Green,1982]. i.e; Values of applied current densities at potentials of +20,+10,-10 mv and 

then -20,+10,-10mV(SCE) from corrosion potentials were used to obtain corrosion parameters: iCorr 

,ba bc followed by applying the equation: Rp = ( ba bc )/ 2.303 x iCorr.( ba + bc ).It is observed that: (i) 

for a certain acid concentration the polarization resistance decreased with increase in temperature 

and/or decrease in inhibitor concentration.(ii) for a certain temperature, the polarization resistance 

decreases with an increase in acid concentration in presence and absence of inhibitor.       

 

KEY WORDS 

 Inhibition, polarization resistance Betacrunch program,physical adsorption,Chemical 

adsorption,activation control. 

 

                             انخلاصة                                                                                                                      

          تى فق هذاانبدث تدهيم تأثيز درجة اندلزار) 06,06,06 06 درجلة يويدلةع ىهلق يمة يلة اطال م ة  نعًهيلة تآكلم اندذدلذ  

 6ىيةرىع بيجيد   ىذو  جيد فيُةدم ثلةدي ديردلة كًطلبع نعًهيلة ان آكلم 0 03فق ثلاث تزاكيز يخ هفة يٍ حةيض انهيذر كهيردك 

 يلٍ يُدُيلة  6تى قيةاهة ضًٍ انظز ف انًذكير) بةا عًةل بزَةيج بي ةكزاَجع  ان ق طليرِ كلزدٍ   نةَلذىيمة ية اطا م ة  

يهلق فينل   36-,36, 06نكطةفلة ان يلةرا  انًطله ة فلق جهليد   صيل ىهيهة نهظز ف انًذكير) تؤخذ قيى اطا م ة  ان ق تى اند

اليميو انبزَلةيج بةدجلةد  بةا عًةل هذِ انجهيد يع كطةفة ان يةرا  انًمةبهة نهلة6يهق فين    بعذا يٍ جهذ ان آكمع 36-,36, 06- 

تعلي  6ةفم انًيجبة   انطةنبة ب زدمة ان كزار  صيط انق اقم َطلبة  خ لة ي غيزا  ان آكم  بةن دذدذ تيةرا  ان آكم   يُدُية  ت

ىُللذ تدهيللم انُ للةظج نلليح  اٌ  6ي غيللزا  ان آكللم فللق يعةدنللة اطالل م ة  انخ للق انًعز فللة نهدصلليل ىهللق  يمة يللة اطالل م ة 

ع نذرجلة حلزار) يعيُلة, يمة يلة 0 6عن زكيز حةيض يعيٍ تمم يمة ية اطا م ة  بزدلةد) درجلة اندلزار)  تمهيلم تزكيلز انًطلبع3 

                                                                             6اطاللللللللللللللللل م ة  تملللللللللللللللللم بزدلللللللللللللللللةد) تزكيلللللللللللللللللز اندلللللللللللللللللةيض بيجللللللللللللللللليد   ىلللللللللللللللللذو  جللللللللللللللللليد انًطلللللللللللللللللبع

                                                            

INTRODUCTION & THEORY  

The polarization resistance is a measure of the resistance of a metal undergo corrosion in a certain 

environment. It is defined as the slope of the potential-current (E-i) curve 

                                             Rp = [∂E / ∂i] E=ECorr                                     (1) 

where i, is the current density in Acm
2
and ECorr. is the electrode potential of the corroding 

metal.Polarization resistance behave like a resistor and can be calculated by taking the inverse of 

the slope of the current –potential curve at open circuit corrosion potential.During the polarization 



A.S. Yaro                                                                             The Effect of Temperature and Acid Concentration  

                                                                                             on Polarization Resistance For a Corrosion Reaction 

                                                                Under Activation Control                  

 

 8383 

of an electrode, the magnitude of the current is controlled by reaction kinetics and diffusion of 

reactants both toward and away from the electrode. The Butler- Volmer equation is introduced in 

this case as[Stern,1957]: 

                             i = iCorr. [exp(2.3 ΔE/ ba )  - exp(  -2.3 ΔE / bc]           (2) 

Where ΔE = E – ECorr. , ba , bc are anodic and cathodic Tafel constants. Equation (2) for small ΔE 

,i.e; less than 20 mV from ECorr.,can be linearized leading to: 

                             i = iCorr. [1 + 2.3 ΔE /ba  - (1- 2.3 ΔE / bc)]                   (3)  

                             i = iCorr. [1 + 2.3 ΔE /ba-1+2.3 ΔE / bc]                        (4)  

So,                         i = iCorr. [ 2.3 ΔE ( 1/ ba + 1/ bc ]                                  (5) 

Rearranging equation (5) leads to: 

                          ΔE / i  = Rp = ( ba bc ) / 2.3 iCorr.( ba + bc )                       (6) 
Equation (6) is essentially the original Stearn- Geary equation expressed in Tafel slopes of both 

reaction:    Fe                  Fe
+2

 + 2e                                                              (7) 

                          2H
+
  + 2e                  H2                                                 (8) 

(i.e;the effect of dissolved oxygen concentration is negligible compared with H2 

evolution).Substituting in equation (6) for ba and bc as: ba =RT/αazaF ; bc =RT/αczcF                (9) 

Equation (6) can be expressed in terms of T,αa,αc,za,zc 

                            Rp = RT/ 2.3x iCorr. F(.αaza + αczc )                                        (10) 

Equation (10) can be rearranged and put in Logarithmic form : 

    Log( Rp/ T) = - Log ( iCorr.) + Log [ R / 2.3 F(αaza + αczc) ]                        (11) 
Accordingly, a Logarithmic plot of (Rp / T ) V'S iCorr , gives a straight line with a slope of (-unity) 

provided (αaza) and (αczc) are constant.The polarization resistance has been used in corrosion 

monitoring [Neufeld,1964 & Tamba,1982], determination of corrosion rates [Mahmoud,2005 & 

Mishra,2007] and inhibitor efficiency[Ashassi,2006].The literature has few references to 

systematic measurements of the effect of temperature on the polararization resistance and few to a 

theoretical analysis of this effect[El-Anadouli,1986].But no references to the effect of acid 

concentration.This is the object of this paper.We have measured the polarization resistance of 

carbon steel corrosion in three different concentrations of HCl acid,namely, 1,3,and 5N acid 

solutions at various temperatures in presence of different concentrations of phenylthiourea(PHTU) 

as corrosion inhibitor using a well-known technique in corrosion field and away from ECorr.by 20 

mV for each condition studied, rather than the plot of potential,E,V'S current density,i,which leads  

to slopes of straight lines(i,e;Rp = ∆ E / ∆ i  at E = ECorr.).  

 

EXPERIMENTAL METHODE  

Details of the polarization cell,electrode and electrolyte preparation and experimental techniques are 

reported elsewhere[Abdul-Hassan,2004]. The electrode was prepared from a carbon steel pipe as 

cylindrical specimens of chemical composition: Wt.%, C= .041, Mg =,381, P =.05, S = 

.007,remainder iron. The electrolyte was 1,3, and 5N HCl acid solutions prepared from distilled 

water and concentrated HCl acid supplied by Al- Furat company for chemical industries: The 

specifications of acid were as follows:Concentration = 32% Wt., SO4
-2

 =125.5 ppm, residue = 360 

ppm and density = 1.164 gm/Cm
3
 .The inhibitor used was phenylthiourea (PHTU) of annular grade, 

MW =152.2 gm/mole, while acetone and benzene were used for cleaning purposes. 

 

 

RESULTS & DISCUSSION  

 

From the polarization curves which represent the plots of potential,E, V's Log(current density),i, for 

the working electrode at different temperatures and in various acid concentrations in absence and 

presence of PHTU as corrosion inhibitor[Abdul-Hassan,2004], and from the average values of 
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corrosion parameters: iCorr.,ba,bc obtained by applying the Betacrunch program by entering two sets 

of data for each condition as mentioned befor. The values of Rp are deduced for the working 

electrode.These values for the working electrode for each condition are listed in Tables (1) through 

(4). 

 

Table 1  Polarization resistance(Ωcm
2
) of carbon steel in different concentrations of HCl acid 

containing various concentrations of PHTU as corrosion inhibitor at 30
0
C. 

 

Inhibitor 

Conc.(Mole/L) 

           1N                                        3N              5N 

 Nil 

 

           40.95 

 

            17.1              11.8 

6.6 x 10
-4

 M 

 

           464.1            117.3             76.4 

4.9 x 10
-3 

M 

 

           614.8            172.3             107 

6.6 x 10
-3

 M 

 

           792.1            207.4             135 

 

 

Table  2 Polarization resistance(Ωcm
2
) of carbon steel in different concentrations of HCl acid 

containing various concentrations of PHTU as corrosion inhibitor at 40
0
C 

Inhibitor 

Conc.(Mole/L) 

           1N                                        3N              5N 

 Nil 

 

           11.3 

 

            12.8             4.9 

6.6 x 10
-4

 M 

 

           175.5            79.9             59.3 

4.9 x 10
-3 

M 

 

           339            111.2            70.3 

6.6 x 10
-3

 M 

 

           243.2            171             84.7 

 
Table 3 Polarization resistance(Ωcm

2
) of carbon steel in different concentrations of HCl acid 

containing various concentrations of PHTU as corrosion inhibitor at 50
0
C 

Inhibitor 

Conc.(Mole/L) 

           1N                                        3N              5N 

 Nil 

 

           6.4 

 

            3.4              2.3 

6.6 x 10
-4

 M 

 

           90            11.4             5.64 

4.9 x 10
-3 

M 

 

         151.2            17.2              7.1 

6.6 x 10
-3

 M 

 

         191.6            25.8             9.4 
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Table 4 polarization resistance(Ωcm
2
) of carbon steel in different concentrations of HCl acid 

containing various concentrations of PHTU as corrosion inhibitor at 60
0
C. 

Inhibitor 

Conc.(Mole/L) 

           1N                                        3N              5N 

 Nil 

 

           4.4 

 

            2.5             1.64 

6.6 x 10
-4

 M 

 

            75               7             5.7 

4.9 x 10
-3 

M 

 

            67            12.1               9 

6.6 x 10
-3

 M 

 

         108.9            16.6              7.6 

 
At different temperatures and various acid concentration,also , Ө, and I%, can be determined from 

,Rp, obtained by using the following equations, respectively: 

                                                 Ө = 1 – (Rp)free / (Rp)inhib.                          (12) 

                                     I% = [ 1 – (Rp)free / (Rp)inhib. ] x 100                     (13) 
where (Rp)free & (Rp)inhib. are polarization resistance in absence and presence of 

inhibitor,respectively, while Ө & I% are surface coverage and inhibition efficiency respectively. 

Table(5) shows the inhibition efficiency of PHTU under the operating conditions mentioned 

previously. 

 

Table 5 Inhibition efficiency of PHTU for carbon steel in different HCl acid concentrations 

and various temperatures. 

 

Temp 30
0C

 40
0
C 50

0
C 60

0
C 

Acid 

Conc. 

1N 3N 5N 1N 3N 5N 1N 3N 5N 1N 3N 5N 

.00066M 91.2 85.5 84.6 93.6 84.0 91.8 93.0 70.2 59.2 94.1 65 71 

.0049M 93.3 90.1 89.0 96.7 88.4 93.0 96.0 80.2 67.5 93.4 80 82 

.0066M 94.8 91.8 91.3 95.4 92.5 94.2 97.0 87.0 75.5 96.0 85 78 

       Inhibition Efficiency (I%) at different Temperatures & acid Concentrations 

 

Figures(1) through (3) show the effect of temperature and inhibitor concentration on the 

polarization resistance at acid concentrations 1,3,and 5N respectively.It is clear that polarization 

resistance decreases as the temperature increases and / or the inhibitor concentration decreases. The 

effect of inhibitor is clearly evident from equation(10).Thus, at constant temperature the increase in 

inhibitor concentration decreases the corrosion rate, iCorr., and hence, Rp,increases. ( i.e; the 

corrosion reaction is regarded as a rate process, the rate of which is given by [Potilova,1960] : 

                             iCorr.  = A exp(- E / RT)                                        (14) 
Thus, as T increases the numerator increases linearly, while the denomirator increases 

exponentially, and hence Rp decreases. The Logarithnic form of equation (10) is given in equation 

(11), from which a Logarithmic plot of ( Rp / T ) V's iCorr. gives a straight line with a slope of[- 

unity], provided αaza and αczc are constants.Figures (4) through (6) show such plot at various 

temperatures and inhibitor concentrations in HCl acid concentrations 1 ,3, and 5N respectively. The 

straight lines are the least squares correlation of all the data points at 1,3, & 5N HCL acid, with a 

correlation coefficient of (.98) and slopes of ( 1.042) , ( 1.04 3) , and(.98 ) respectively, 
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In satisfactory agreement with the prediction of equation (11).These are taken as confirmation of 

the validity of this equation, and of constancy of αaza and αczc at various temperatures and 

inhibibitor concentrations within the limits of experimental error. Combination of equation (14) and 

(11) leads to: 

                           Log (Rp / T )  = E / 2.3 R T  + Constant                             ( 15) 
where the constant in equation (15) includes A ,R ,F , αaza , and  αczc .Thus a plot of Log(Rp/ T) V's 

1/T gives a straight line from the slope of which,Activation energy of the corrosion process can be 

calculated.Figures (7) through (9), illustrate such plots at various concentrations of PHTU in 

different HCl acid concentrations. The relation between Log( Rp / T ) and  1/T is satisfactory 

straight line under all conditions in agreement with equation (15). Table(6) lists the values of 

Activation energy obtained in the absence and presence of various inhibitor concentrations of 

PHTU in different acid concentrations. Since only small differences are observed between the 

values of  activation energy calculated at different concentrations of the same inhibitor in 1N HCl 

acid, the activation energy is considered to be assentially independent of inhibitor concentration and 

in this case the inhibitor is physically adsorbed on the mild steel[Ebenso,1998 & 

Demaskin,1971].i.e;when the activation energy is less than 80 kJ/mole,the adsorption is considered 

to be physically.Ideally,a corrosion inhibitor is a substance which greatly increases the activation 

energy of corrosion and / or adsorbs on the surface and prevents it from corroding. PHTU as 

corrosion inhibitor increases activation energy pronouncly in 3 and 5N HCl acid solutions and 

hence the mechanism of its inhibition must not be via simple blocking adsorption. The large values 

of activation energy in both 3 and 5N acid solutions compared with 1N-HCl system support the fact 

that PHTU in this case is chemically adsorbed.i.e;Activation energy > 80 KJ/mole [Abiiola,2002 & 

Barrow,1983]. 

 

Table 6 Activation energies of corrosion of carbon steel at various concentrations of PHTU in 

different concentrations of HCl acid. 

 

Inhibitor 

Conc.(M/L) 

            1N                             3N              5N 

 E (kJ Mole)  E (kJ / Mole)  E (kJ / Mole ) 

 Blank            63.0             61.8            58.2 

.00066 M            59.3             84.1            87.1 

.0049   M            64.8             89.4            83.7 

.0066   M            54.6             81.6            92.7 

Emean inhibited               57.8             85.0            87.8 

 

It is important to mention that Betacrunch program[Green,1982] is usually used to obtain the 

corrosion parameters near the corrosion potential by about +20 to -20 mV. Since the equation(6) is 

derives with out assumptions and its derivation is completely mathematical,and since Tafel slopes 

are difficult to estimate.Moreover since the corrosion potential in this study especially at these high 

concentrations of HCL acid is not near the reversible potentials of one of the half reactions(i.e;The 

H2 evolution or the metal dissolution). It is accepted to say: Rp = f( icorr.,ba , bc ) all at E = 

Ecorr..,instead of using the reciprocal of the polarization resistance obtained experimentally to 

represent the corrosion rate for screening purposes: icor = f( Rp ,B). 
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Fig.1 Effect of Temperature and inhibitor concentration on the polarization resistance in 1N 

HCL acid 
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Fig.2 Effect of Temperature and inhibitor concentration on the polarization resistance in 3N 

HCL acid 
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Fig.3 Effect of Temperature and inhibitor concentration on the polarization resistance in  5N 

HCl acid. 
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Fig. 4 Plot of polarization resistance data in 1N HCl acid solution. 
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Fig.5  Plot of polarization resistance data in 3N HCl acid solution. 
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Fig.6  Plot of polarization resistance data in 5N HCl acid solution. 
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Fig  7 Plots of Log(Rp/T) V's 1/T in absence and presence of various conc. of nhibitor in 1N 

HCl acid. 
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Fig  8  Plots of Log(Rp/T) V's 1/T in absence and presence of various conc. of ibitor in 3N HCl 

acid. 
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Fig 9  Plots of Log(Rp/T) V's 1/T in absence and presence of various conc. Of inhibitor in 5N 

HCl acid. 
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CONCLUSIONS 

 PHTU acted as efficient corrosion inhibitor for carbon steel in 1,3,and 5 N HCl acid 

concentrations. 

 The results obtained by Betacrunch technique are thought to be in good agreement with 

those if obtained experimentally since corrosion potential is far from the equilibrium 

potentials of both H2 evolution and metal dissolution reactions. 

 For a certain temperature the polarization resistance decreases with acid concentration 

increase, while increases with inhibitor concentration increase. 

 For a certain acid concentration,the polarization resistance decreases with temperature 

increase in absence and presence of inhibitor. 

 The inspection of data in Table(6) reveal that the activation energy of the corrosion reaction 

in absence of inhibitor(PHTU) is approximately the same and is acid concentration 

independent. 

 The average activation energy value of (57.8 kJ/mole) for 1 N- HCl inhibitor system support 

the fact that the inhibitor is physically adsorbed on the metal surface,although the increase in 

inhibition efficiency is not so pronounced. 

 The experimental result indicates generally that the energy barrier of corrosion reaction in 3 

, and 5 N- HCL inhibitor system increase as the concentration of PHTU is increased,since 

the value of activation energy increase with an increase in PHTU.This suggests that the 

process is activation controlled and the mechanism of the inhibitor adsorption in this case is 

chemical adsorption.i.e;85 and 87.8 kJ/mole is > than 80 kJ /mole 
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TRANSMISSION OF A MULTIPLEXED EIGHT 

CHANNELS SUBCARRIER OPTICALLY INTENSITY 

MODULATED BASED ON MICROCONTROLLER. 

 

 

ABSTRACT 

An optical fiber communication system for transmitting eight time division 

multiplexed analog signals each of bandwidth of 500 Hz was designed and 

implemented. The system utilizes the 8051 microcontroller as a parallel to serial 

converter in the transmitter side and parallel to serial converter in the receiver side in 

addition to the control process of the multiplexer and demultiplexer in both sides and 

for serial transmission via its RS232. The transmitted signal is subcarrier intensity 

modulated using the Amplitude Shift Keying (ASK) modulation technique with a 

carrier of 20 MHz. A laser diode of the type HFCT-5205 at 1300 nm wavelength was 

used as an optical carrier generator with an emitted optical power of -10 dBm, and a 

HFCT-S205 InGaAs/InP PIN Photodiode with responsivity of 0.36 A/W at the 

receiver side. A single mode fiber of (42 km) length was used as a tranasmission 

channel. This system can be utilized in the TDM fiber telephone lines often operating 

at higher rates such as T3 (44.7 Mbps), T3C (91 Mbps) and above. 

 

 

 إرسال ثمان قىوات ممتزجة بطريقة تضميه الشدة للىاقل الثاووي  مستىداً على المسيطر الدقيق
 

 الخلاصة
بناء منظومة اتصالات الليف البصري لارسال ثمان اشارات تماثلبة باستخدام تقنية التجميع بالتقسبم  تصميم وتم 

كمحول من التوازي الى التوالي في جهة المرسل و   8051. المنظومة تستفيد من المسيطر الدقيق  (TDMالزمني )
( و الموزع multiplexerعلى المجمع ) محول توالي الى التوازي في جهة المستلم بالاضافة الى عملية السيطرة

(demultiplxer في الجهتين و للارسال التوالي عبر  )RS232. 
. استعمل ليزر دايود MHz 20مع تردد حامل ASK) تم تضمين الاشارة المرسلة بواسطة تضمين ازاحة السعة )

رسل و كاشف في الم dBm 10-و قدرة ضوئية مشعة  nm 1300ذو طول موجي  HFCT-5205من النوع 
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في المستلم. استعمل الليف  A/W 0.3ذو استجابة  HFCT-s205 InGaAs/InPضوئي من النوع  
كقناة ارسال. يتم الاستفادة من المنظومة في بدالات الهاتف الضوئية              42kmالبصري احادي النمط بطول 

 ق.وفو T3c (91 MHz) و T3 (44.7 MHz)و عادة تعمل بمعدلات اعلى مثل 

 

KEY WORD 

Optical communication system, Microcontroller, Subcarrier optical Intensity 

modulation. 

 

INTRODUCTION 

 

Everywhere on this planet hair-thin optical fibers carry vast quantities of 

information from place to place. The use of light as communication methods can date 

back to antiquity if we define optical communications in a broader way [Govind 

2002]. People had used mirrors, fire beacons, or smoke signals to convey a single 

piece of information. The modern fiber-optic communications started around 1970s 

when GaAs semiconductor laser was invented and the optical fiber loss could be 

reduced to 20 dB/km in the wavelength region near 1μm [Govind 2002]. Since then, 

fiber-optic communication has rapidly developed. The enormous progress of 

lightwave systems can be grouped into several generations. A widely used figure of 

merit is the bit rate-distance product, BL, where B is the bit rate and L is the repeater 

spacing [Govind 2002].  

The digital optical fiber link mainly consists of a transmitter, fiber transmission 

medium, and receiver [Govind 2005]. The transmitter converts incoming binary data 

to on-off light pulses, which are launched into the fiber. At the receiver, the optical 

stream is detected and converted back into electrical signal. 

The laser diode is a preferred source for moderate band to wideband systems. It 

offers a fast response time (typically less than 1 ns), has a narrow optical bandwidth   

( as a rule less than 1 nm) and can couple high levels of useful optical power ( usually 

several milliwatts) into an optical fiber with small core and small numerical      

aperture [Donald & Gerd 1985, Paul 1985]. 

Generally only the photodetector and its load which usually form the first stage of the 

gain are uniquely related to the fiber optics, the remaining portion of the receiver is 

convential electronics [Donald & Gerd 1985]. 

Before 1970, such a link could not have been used for transmission over 

distances greater than a few hundred meters, because of rapid signal attenuation in the 

fiber [Donald & Gerd 1985]. In that year however, Corning Glass achieved a 

breakthrough by producing a fused silica (SiO2) fiber with loss low enough (20 

dB/km) to make transmission lengths of a few kilometers commercially practical. 

This events coupled with the development of semiconductor light sources at about the 

same time, stimulates a worldwide building of lightwave research and development 

continues today. Attenuation coefficients of 0.15 dB/km at 1550 nm [Tatsuya1988] 

and 0.6 dB/km at 1300 nm have been achieved.    

In virtually all optical fiber systems only two types of devices are employed for 

detection. These are either PIN photodiode or Avalanche PhotoDiode (APD). The PIN 

detector is preferred because it requests no complicated control circuitry, uses much 

lower DC bias voltage, and has no excess noise mechanism when compared to an 

APD [Donald&Gerd 1985]. 
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The optical link can operate at an acceptable low error rate only if the optical 

power at the receiver exceeds some minimum level PR called the receiver sensitivity. 

The maximum loss limited transmission distance Lmax is given by [Govind 2002, Max 

& Kang  1996] 

 

]1[argmax inmlossspliceLPPL cRT   

 

Where PT is the transmitted power, α is the fiber attenuation expressed in 

dB/km, Lc is the connector losses usually taken as 1 dB, and the system margin 

usually taken between 3-10 dB. 

This relationship implies that Lmax is relatively sensitive to change in the fiber 

attenuation, but is only weakly dependent on the transmitted power and receiver 

power. So increasing the transmitter power by order of magnitude, increases Lmax by 

only about 20 percent [Donald&Gerd 1985]. 

In designing an optical communication system it is necessary to consider the 

limits on the performance of the system set by the Signal to Noise Ratio SNR [1, Paul 

1985]. The main noise sources that affect the performance of the optical fiber 

communication system are: 

1. the thermal noise which results due to the load resistance RL. It may be 

calculated as follows[Govind 2002, Max & Kang  1996] 
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where K is the Boltzman constant, T is the temperature in Kelvin, and Δf is the 

bandwidth. 

2. the shot noise which is a combination of the dark current noise id and the 

quantum noise current, it is given by[Govind 2002, Max & Kang  1996]: 

3.  
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where q is the electron charge, and is is the signal current generated due to the 

incident optical power in the optical detector which is equal to: 

 

]4[Rpi is   

where pi is the incident optical power and R is the responsivity of the optical 

detector. 

The SNR for the PIN photodiode receiver may be calculated as in below [Max 

& Kang  1996] 
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The performance criterion for digital receiver is governed by the bit error rate 

BER, defined as the probability of incorrect identification of a bit by the decision 

circuit of the receiver [Govind 2002]. A commonly optical receiver requires BER ≤ 1 

* 10
-9

[Donald & Gerd 1985]. 
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The BER with the optimum setting of the decision threshold is obtained as in 

follows [Max & Kang  1996]: 

 

]6[
2

)exp(

SNR

SNR
BER




  

The receiver sensitivity is then defined as the minimum average received power 

Prec required by the receiver to operate at a BER of 10
-9

. 

 

SYSTEM DESCRIPTION 

 

A block diagram of the implemented system is shown in Figure1. Eight analog 

signals are generated each at 500 Hz frequency. These signals are time division 

multiplexed. Multiplexing provides a mechanism to share the use of a common 

channel by two or more users. TDM interleaves bits or groups of bits (word or 

characters) belonging to different messages prior to transmission. As such, its original 

development was based on economics. The advantages in the use of pulse modulation 

with the Time Division Multiplexing TDM include the fact that the circuitry required 

is digital. Thus, offering high reliability and efficient operation.   

The selection of the required channel is accomplished under the control of the 

microcontroller (8051) by the software. The sampling rate is about 8 kHz which is the 

Nyquist rate (Eight channels each with 500 Hz (8*0.5)*2 = 8kHz). The selected 

sample then converted into a digital signal by the Analog to Digital Converter (ADC). 

The ADC action is controlled by the software of the microcontroller. The generated 

data is then fetched by the microcontroller for further process. 

The microcontroller controls the whole operation of multiplexing and analog to 

digital data conversion. In addition, it acts as a parallel to serial converter. It converts 

the data generated by the ADC into a serial stream and transmitting it through the RS-

232 of the microcontroller asynchronously, so that, there is no need for encoding the 

data stream for the clock and data recovery at the receiver side. By this, the 

complexity of the system is reduced and the system becomes more flexible. The flow 

chart of the program of the microcontroller used in the transmitter is shown in the 

Figure (2). 

The transmission of data over the RS 232 of the microcontroller was 100 kbaud. 

The serial stream then was amplitude shift keying modulated (ASK) with a carrier of 

20 MHz. 

The ASK modulated signal is used to modulate a laser diode with intensity 

modulation type. The laser diode was with an operating wavelength of 1.3 µm, a 

power of 0.1 mW is launched into the fiber at the high level voltage. The fiber used 

for guidance of the optical signal is a single mode fiber with attenuation of 0.6 dB/km 

and length of 42 km that consists of ten pieces of optical fiber each with 4.2 km 

length. So the length was changed from 4.2 km to 42 km with a 4.2 km step. Each 

piece was connected with the neighboring one by a splice. The loss of each splice was 

0.03 dB and measured by using the Optical Time Domine Reflectrometer (OTDR).  

The optical signal at the receiver is detected and converted into electrical signal. 

A block diagram of the optical receiver is shown in the Figure (4). A PIN photodiode 

is used in the work with a responsivity of 0.36   A/W at 1.3 µm.  

The detected signal is then demodulated. The reconstructed signal is then passed 

to the microcontroller serially via its RS-232 port. Here the microcontroller first 

converts the serially received bit stream into a parallel fashion and controls the 



Journal of Engineering Volume 15 June  2009       Number   2  
 

 

 

3333 

operation of demultiplexing and digital to analog conversion by the software of the 

receiver which is shown in the Figure (3). Then the pulses belonging to the individual 

messages are separated and routed to their appropriate destinations. 

 

RESULTS AND DISCUSSION 

The main test achieved on the implemented system was measuring the received 

optical power for different fiber length from which the calculations of the bit error 

rate were done. A plot which relates the SNR to the BER is shown in the Figure (6). 

BER was calculated using equation 6. The power budget calculations showed that the 

maximum length of the optical fiber can be 78.2 km. Where the safety margin was 

taken to be equal to 6 dB. 

 

CONCLUSION 

The suggested system operates properly with acceptable BER. The BER varies 

with SNR parameter. The BER improves as SNR increases and becomes lower than 

10
-9

 for SNR >14. 
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ABSTRACT 

    Due to the popularity of radar , receive often “ hear “ a great number of other 

transmitters in addition to their own return merely in noise . The dealing with the 

problem of identify and / or separating a sum of tens of such pulse trains from a number 

of different sources are often received on the one communication channel. It is then of 

interest to identify which pulses are from which source , based on the assumption that 

the different sources have different characteristics .This search deals with a graphical 

user interface (GUI) to generate the radar pulse in order to use the required radar signal 

in any specified location .  

 

 

 

 الخلاصة :

 بسبب شعبٛت انزادار , انًستقبلاث غانبا تسًع عذد كبٛز يٍ يزاسلاث اخزٖ بالاضافت انٗ انضٕضاء انزاجعت

 

 فقط يُٓا . انتعايم يع يشكهت تعزٚف أ فصم جًع يٍ عشزاث يٍ ْذِ انحزو انُبضٛت يٍ عذد يختهف انًصادر

 

 او يُصب نتعزٚف ا٘ َبضاث يٍ ا٘ يصذر عهٗ اساسغانبا ٚتى استلايّ فٙ قُاة اتصال ٔاحذة . ْٔذا الاْتً

 

 نتٕنٛذ انُبضت انزادارٚت نغزض   GUIافتزاض كٌٕ انًصادر انًختهفت نٓا خصائص يختهفت . ْذا انبحث ٚستخذو 

 

 تٕنٛذ الاشارة انزادارٚت انًطهٕبت فٙ ا٘ يٕقع يحذد .
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INTRODUCTION  

    The continuous growth of air traffic increase demand to determine reliable algorithms 

and systems to tell where , on what altitude and how fast an aircraft is moving , as well 

as whether that aircraft of interest is friendly . foe or neutral . In general , this is referred 

to as a tracking . When something is under tracking , it implies that the current object is 

a target . In the sequel , tracking can be defined more precisely “ as processing 

measurements obtained from a target in order to maintain an estimate of its current state 

, which typically consists of kinematics components (such as position , velocity , 

acceleration etc. ) and other components ( radiated signal strength m spectral 

characteristic , feature information etc. ) Emphasis of the word “state “ implies that 

scientists in tracking field are mainly concentrated in estimating the trajectory of the 

target .The use of the word „state „ is ambiguous , exact meaning depend always on the 

context . 

   Defense systems dealing with tracking are important in the warfare because the present 

aircraft and vessels may be quick and destructive . Therefore m tracking systems are 

required to be as highly intelligent as possible .Software package presented in this 

paper comprehends GUI  to achieve more reliability in tracking system in order 

to solve a given problem e.g. the identification problem .  

    This paper is organized as follows : The principles of the target tracking and the 

electronic warfare system are presented in section 2 , and section 3, respectively .    

While the receiving system and the radar signal description are presented in section 4 

and section 5 . respectively. The parameters to be identified and the simulated results are 

presented in section 6and section 7. Respectively, finally the conclusion is represented in 

section 8 followed by the references.  

 

TARGET TRACKING  

    In the civilian aviation the target‟s velocity , height , position and heading can be 

easily solved . because all targets are cooperative by default . When dealing with defense 

applications, qualities listed above are not enough . In fact , they are not even considered 

first . In the military field , the most urgent is to know whether the targer of interest is 

friendly or hostile . After then questions as “What is the type of the target ?” and “What 

is the target threatening ?” rise .Problem that deals with the type of the target is referred 

to as an identification problem . An example of tracking system , with using 
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identification network ( Bayesain network) in association , is illustrated in Fig.(1)  

   

    The identification procedure is as follows ; Targets emit signals, which can be 

detected sensors , when a sensor has detected a signal , it will be modified and 

transmitted to the identification system .Then identification system processes all 

observations and results  a type probability function , which is returned to the operator. 

An example of the identification system is illustrated in Fig.(2). 

 

 

 

Fig (1 ) : Illustration of a tracking system 
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Fig. (2) illustration of the identification procedure . 

 

ELECTRONIC WARFARE SYSTEM 

   Electronic warfare ( EW) receivers will be the assumed approach . It takes many 

distinct forms , such as detecting and degrading the  performance of a hostile radar , 

intercepting and disrupting enemy communications , decoying aircraft and ordinance 

and confusing the enemy‟s perception of the tactical area . It represents a necessary 

investment to protect friendly weapon platforms . 

 The basic concept of EW , is to exploit the enemy‟s electromagnetic emission in all 

parts of the electromagnetic spectrum in order to provide intelligence on the enemy‟s 

order of battle, intentions and capabilities , and to use countermeasures to deny effective 

use of communications and weapons system while protecting one‟s own effective use of 

the same spectrum  .  
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  The modern concept of EW as a vital and basic elements of military strategy , which 

when used in concert with other military assets , provides a method of neutralizing an 

enemy force ( force divider effect ) while simultaneously enhancing the power of a 

friendly force( force multiplier effect ). Thus EW is defined as a military action 

involving the use of electromagnetic energy to determine, exploit , reduce , or prevent 

hostile use of the electromagnetic spectrum and action which retains friendly use of the 

electromagnetic spectrum .FIG. ( 3) illustrates the functions performed in a modern 

tactical EW system .  

  Electronic warfare systems are used in military actions to protect resources from enemy 

threats . In EW , as in other electronic system , simulation plays a vital role in training 

the operators to become proficient in using the equipment and recognizing threats . 

These systems can be organized into the three major categories or divided into three 

parts: 

 Electronic Support Measure (ESM) , which collects information on the electronic 

environment .  

 Electronic Countermeasures (ECM) , trying to disturb enemy systems .  

 Electronic Counter-Countermeasures (ECCM) , trying  to disturb the enemies 

ECM . 

 The ESM and ECCM are referred to as passive systems because they do not radiate 

electromagnetic energy , while the ECM is energy , EW encompasses the two major 

areas : ESM and ECM s . 

 
 

Fig. ( 3 ) Functional structure of EW system. 
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ELECTRONIC WARFARE RECEIVING SYSTEM  

  A Simplified Block Diagram Of An Ew Receiving System Is Shown In Fig. (4). The 

First Block Is The Feature Extractor , Which Represents The Radio Frequency Receiver 

Hardware , The Parameter Measurement And Encoding Circuitry .  

   Figure( 5 ) Shows A Diagram Of The Digital Receiver . The Output Of The Feather 

Extractor Is A Pulse Descriptor Word (Pdw) , Which Contains Of Feather Values Of 

The Intercepted Signal (I.E., Frequency , Amplitude , Pulse Width , Time Of Arrival (In 

Some Cases ) The Signal‟s Azimuth And Elevation Bearing ).  

   The Pdw For Each Intercepted Signal Is Stored In A Pulse Buffer For Further 

Processing . Modern Ew Receiving System Must Operate In An Increasingly Dense 

Signal Environment. . Hence , A Large Quantity And Jumble Of Signals Are Intercepted 

That Must Somehow Be Stored In A Timely And Efficient Manner So That Subsequent 

Actions , Such As Identifying The Signal‟s Origin , Can Be Taken . The Third Block 

Performs The Sorting Or Deinterleaving Function By Clustering The Incoming Radar 

Pulses In To Groups . In Principle , Each Group Or Cluster Should Represent A Single 

Radar Or Emitter .  

  However , The Task Of Isolating A Particular Signal From A Specific Emitter Can Be 

Different To Accomplish , Since The Parameter Boundaries Between Different Signals 

May Overlap , And Since Factors Such As Measurement Error Can Cause The 

Measured Characteristics Of The Signal To Become Inexact Or “ Fuzzy “ . A Proper 

Choice Of The Signal Parameters That Are Used For Sorting As Well As A Proper 

Assignment Of Their Relative Importance In The Decision Process Can Minimize Some 

Of The Problems Caused By Inexact Or Ambiguous Signal Characteristics . For 

Example , One Example , One Signal Parameter That Can Be Very Useful For Signal 

Sorting Or Deinterleaving Purposes Is The Direction Of Arrival (Doa) Of The 

Intercepted Signal . Unfortunately , This Parameter May Not Always Be Available , 

Since Many Ew Systems Cannot Measure A Signal‟s Doa . Moreover , In Highly 

Dynamic Situations , Signal‟s Doa May Be Changing Too Rapidly To Be Of Practical 

Use .  

  Consequently , Many Ew Systems Must Rely On Other Parameters , Such As 

Frequency Or Pulse Width , To Sort The Received Signals . Therefore , The Problem Of 

Making Decisions Based On Inexact Or Ambiguous Evidence Will Always Be Present 

To Some Degree .  

  Intercepting and then isolating the signal (s) of interest is (are ) not the end goal of a 

large array of EW receiving system . In many cases , the intercepted signal must also be 

ascribed to a specific radar or class of radar in the environment . For example , ECM 

systems must determine the identity of a victim radar or threat before the appropriate 

jamming technique can be selected . The task of determining the identity of an 

intercepted signal is laden with uncertainty , since the evidence (data cluster ) itself 
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contains uncertainty , and since each stage in the identification process introduces 

additional uncertainties . Nevertheless , an accurate identification must be made ; in 

some cases , an error can be fatal. 

 

      The final two blocks support the task of identifying and classifying the intercepted 

signals . The fourth block , the pattern extractor and tracker (PET ) , uses the stored 

information from the deinterleaver to compute any patterns . ( e.g., the pulse repletion 

interval (PRI ) pattern ) that may be contained in each data cluster ( emitter ) by using 

the appropriate data item from the PDWs stored in a cluster . The final and fifth block is 

the classifier , which describes each data cluster in the PET to a particular emitter . 

 

 
 

Fig. ( 4 ) : General block diagram of an EW receiving system  

 

 The identity of a particular signal is usually inferred by correlating the observed 

characteristics of that signal with those that are stored in the electronic order of battle 

(EOB ) , which is a list that contains the identity and signal characteristics of all known 

radars or those likely to be encountered  .  

   Major applications of EW receivers serve three purposes in EW system : they warn of 

enemy radar (radar warning receiver (RWR) , they support electronic jammers ( 

electronic countermeasures (ECM ) receiver ), and they aid reconnaissance ( electronic 

intelligence (ELINT ) receiver ). The requirements for each of these functions are 

different , and so in most situations they are supported by different receives . 
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Fig. (5): Functional block scheme of digital EW receive. 

 

RADAR SIGNALS : CW PULSE ,RF PULSE TRAIN AND CHIRPED 

TYPE SIGNALS  

    Most radars are designed to transmit a continuous train of RF pulses in order to 

perform target detection . These RF pulses have the same power , and share a common 

antenna for transmitting and receiving signals . For Continuous –Wave  (CW) radars , 

the pulse is transmitted continuously , often through a separate transmitting and 

receiving antenna . Both of these radar designing operate mainly at a single frequency . 

For a high- resolution modern radar , see eq. (1) , it requires a wide radar bandwidth to 

increase the information about the location and the identity of target .  

 

Radar resolution ( ∆r )=            

 

  Pulsed radar signals ,are  predominantly pulsed with widths varying between 0. micros 

and  tens of microseconds . so they are transmitted as periodic pulse trains.  

   A chirped pulse is a RF pulse consisting of a sine wave that is phase modulated in such 

a way that linear frequency modulation results across the pulse duration . By statistical 

definition , a linear chirped sinusoidal signal is a non – stationary signal and is described 

as : 

S(n)=  exp j(2πfn +  ψn
2
 / 2.Ф)                                             (2)  
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 Where Ψ is the chirp rate of the signal f is the center frequency, n is the time period and 

Ф is the constant phase of the signal . The signal amplitude  x is constant but the 

signal is non-stationary due to the chirping of the frequency that sweeps lnearly with 

time . The input signal  x(n) is given by : 

                                                                                           (3) 

. 

Where ŋ(n) is a zero mean white noise (Gaussian ) signal with noise power of Pπ. 

Different radar signal properties are graphically illustrated in Fig.(6) . 

 

PARAMETERS TO DETECT  

  A radar receiving system is generally used to extract the features of each input pulse , 

including RF, amplitude (Amp), pulse width (Pw). Angle of arrival (AOA) , time of 

arrival (TOA) , and modulation of pulse (MOP ). Other parameters measured are pulse 

repetition interval (PRI) and burst repetition interval (BRI) .PRI indicates how often 

pulses arrive and BRI indicates how often groups of pulses arrive . For detailed 

discussion about the quantities that an EW receivers receive, one should refer to chapter 

three into  

   According to these features , the deinterleaver wants to cluster pulses which are 

emitted from distinct emitters into distinct groups . The ability of a radar system to 

determine and resolve these important target parameters depends on the characteristics 

of the transmitted radar signal.  

   Fig. (7 ) illustrates (a) CW pulse train signal with its time – frequency representation 

(b) CW chirped train signal with it time – frequency representation  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7) : Pulse train signal with its time frequency 
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   The train of interleaved pulses is processed in the ESM receiver to identify for each 

pulse the center frequency ,amplitude , PW ,TOA and bearing (or AOA), see fig. (8) The 

information is  then input to a pulse sort processor , which deinterleaves it into the PRI 

appropriate to each emitter .  

Further comparison against a store of known radar types permits the generation of an 

emitter list, classified with threat significance . Depending on the detected radar signal 

the pilot of an airplane gets information of the threat he is exposed to : 

 

 

 

 

 

Fig . ( 8 

) 

Parameters measured by receiver .  

 

 The receiver subsystem detects the radar pulses and measure the individual parameter , 

(the digital words a receiver generates and passes to a digital processor ). The 

availability , resolution and accuracy of these measurements must all be taken into 

account when designing the deinterleaveing system . Obviously , the better the 

resolution and accuracy of any parameter measurement , the more efficiently the 

preprocessor can carry out its task . However , there are limitation on the measurement 

process from outside the ESM system (e.g. noise , jamming , and multipath ), inside the 

system (e.g. timing requirement )and from cost- effectiveness considerations. 

 

SIMULATION RESULTS 

   In the following section different types of the radar signals will be evaluated by the 

radar-parameter- generation GUI package , from the applied signal flowgraph shown in 

Fig. (9) the signal shown in Fig. (10), some other samples of generated signals from 

there applied simulink shown in fig.(11) , are shown in Fig.(12)and (13).  
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  As a short summary ,the following individual units are used in Fig.( 9 ) : they are 

further divided into different modules and sub modules in order to manipulate different 

types of input data. 

The Input Unit. 

The Digital Signal Processing Unit. 

The EA Strategy Unit.  

The Human Computer Interface Unit.  

The Output Unit.  

The Control and Management Unit and  

The Power Calculation and Evaluation Unit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(10) Simulated sample of Radar signal. 

 

     Matlab-Simulink ,the processing and analyzing phases applied onto the received IF 

signals .It has the function of reading out the data samples of the digitized IF signal of 

constant , chirp , or nonlinear frequency modulation , converting the digitized IF into 

video signal measuring processed video pulse parameters and displaying time and 

frequency drawings of input and video signals. Fig. (11) shows the implemented model. 
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Fig.(11) :The simulink to generate a signal. 

 

 

 

 

 

 

Fig. (11): Second sample of the radar signal 

 

 

Fig.(12): Third sample of the radar signal 

 

CONCLUSION 
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  From the above results the generated electronic order of battle can be obtained m 

hence, in order to identify any target the only requirement is to compare it with the 

available standard table.  
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ABSTRACT 
 

       The satellite image is  multi band image,the first three bands have the largest 

wavelength and image information and usually contain noise due to different  

reason such as image band acquisition or transmission. 

       In this paper an adaptive method implemented to denoising the satellite image by 

using the Haar wavelet transform applied to the principle components bands of the 

satellite image.  

       The image denoising by Haar wavelet transform is applied on the first 

band(PC1).This band  has found contain about 90% of  the image information, in this 

case the time required for processing and storage size are reduced ,and the image 

appearance are more suitable than the  processing  the image bands directily. 

  

 الخلاصة

ّالجشء الأكبزُ  ًالثلاد الأّلى لَِا الطْلُ الوْجالحشم  ، ِالحشمحعخبز صْرة الأقوار الصٌاعٍتَ صْرة هُخعذدة 

 الوعلْهاثححخْي ًسبَ عالٍَ هي الضْضاء ًخٍجت لعولٍَ اسخحصال  الحشم ٍالاكبز هي هعلْهاث الصْرة,  ُذ

 اّ ارسلِا. 

ّحن  الصْر الفضائٍت حشمالضْضاء هي  لاسخخلاص   Haar  wavelet أسخخذهج   ا البحذفً ُذ

لْهاث هع الطزق الخقلٍذٌَ.هي خلال دراست حْسٌع الوع ّهقارًخِا ءقٍاص ًسبت الضْضا هقارًت الٌخائج هي خلال

 Haar  waveletحن سخخذام    ّلِذا % هي هعلْهاث الصْرة 79 حقزٌبا على الاّلى ححخْي الحشهَ ّجذ اى 
الصْر قط ,ّبِذا  حن حقلٍل الْقج الوسخغزق ّالوساحَ الخشًٍَ الوطلْبَ فً حالت هعالجَ فالحشهَ على ُذٍ 

 الفضائٍت.
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INTRODUCTION  

      Satellite images are multi band, i.e. the image is consisting from three bands or 

more according to satellite sensor used to capture these images. But usually only the 

first three bands used to represent these images as true color images with RGB bands, 

and contain noise due to image acquisition, transmission error or compression side 

effects. The noise causes great problems to image processing algorithims. Only when 

the image de-noising is effective the edge detection is proper. In other case the edge 

detection is significantly noised [Scoott E Umbaugh(1998)]. 

     De-noising is typically handled by smoothed filters applied to the image three 

bands  .But smoothing can delete useful information or distort the input image [ 

Gomies(1997)]. 

     The main steps of the proposed strategy are (1) transform the image to it s 

principle components bands  ,(2) image denoising using wavelet transformation  

implemented on the first principal component only ,(3) extract back  the new image 

band from it is  principle components bands.  

PRINCIPAL COMPONENTS TRANSFORM (PCT) 

 

Some of the images processing techniques applied on two or all the bands of 

an image. If there are many bands, it becomes difficult to visualize as well as 

expensive to process all the bands. The principal components transform is based on 

statistical properties of the image,it can be applied to any n-dimensional 

mathematical space to collapse any multiband image down to fewer bands. In this 

paper, the PCT is applied to the three –dimensional color space.Each pixel in the (n)-

spaced image may be considered as a point in (n) dimensional pixel space. The set of 

all pixels in the image becomes a distribution of points in this space. 

The effect of computing the principal components of a distribution is to 

determine a new set of axes with two related properties [R. Wilson 1988]. 

1- The axes may be ordered by their “information content”, thus using only the first 

axis, the best one dimensional representation of the data is obtained, by using the 

first two, the best two dimensional representation, and so on. 
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2- The data expressed in the new axes are uncorrected . 

The PCT is easily explained graphically with an example of data in two bands. 

Figure (1-a) shows the relationships of data file values in two bands. The values of 

one band are plotted against those of the other. If both bands have normal 

distribution, an ellipse shape results, (for three band ellipsoid shape results). 

To perform principal component analysis, the axes of the spectral space are 

rotated, changing the coordinates of each pixel in spectral space, and the data file 

values as well. The new axes are parallel to the axes of the ellipse, major (longest) 

axis of the ellipse, is called the first principal component of the data, a new axis of 

the spectral space is defined by this first principal component as shown in Figure (1-

b), and since in spectral space, the coordinates of the points are the data file values, 

new data file values are derived from this process. These values are stored in the first 

principal component band of a new data file. The second principal component is the 

widest transect of the ellipse that is orthogonal (perpendicular) to the first principal 

component as shown in Figure (1-c).  The second principal component describes the 

largest amount of variance in the data that is not already described by the first 

principal component . The eignvectors and eignvalues represent the lengths and 

directories of the principal axes. [ERDAS Inc(1995)]. Figure (2) represent  the 

implemented block diagram to explain the process of extract the pinciple bands from 

RGB (multiband) satellite image. 
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Figure (1-a, b ,c) Transformation of the two bands by PCT 

a 

b 

c 
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Figure (2) PCT 

block diagram 
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IMAGE DE-_NOISING USING WAVELET TRANSFORM 

Wavelet transforms used to represent signals with a high degree of 

sparisty.This is the principle behind a non linear wavelet based signal estimation 

technique known as wavelet denoising. Aprecise explanation of the wavelet 

denoising procedure can be given as follows. Assume that the observed data is  

  X(t)= S(t)+N(t) 

Where S(t) is the uncorrupted signal with addaitive noise N(t)[ R.Gonzalez and 

P.Wintz(2001)]. Let W(.) and  ŵ denote the forwared and the inverse wavelet 

transformation operatators .Let D(.,λ) denote the denoising operator with threshold λ. 

This paper intend to denoise X(t) to recover  Ŝ (t) as an estimate of S(t). The 

procedure can be summarized in three steps  

 Y=W(X) 

Z=D(Y,λ) 

Ŝ = ŵ (Z) 

So the basic  mehtod of image denoising is thresholing .By chooising a correct 

threshold , it is possible to remove most of the random noise[Jonathan Y. Stein(2000)]. 

 

- The Haar Wavelet  Transformation Algorithm 

The Haar wavelet transform is one of the simplest and basic transformations 

from the space domain to a local frequency domain. Haar wavelets are being  used 

for the image transformation technique proposed here. To get an idea about the 

implementation of this wavelet , a simple example used to illustrate this  , assume a 

one dimensional image with an eight pixel resolution, where the pixels have the 

following values : 7 5 3 9 3 7 5 3 

 By appling the Haar wavelet transform this image can be represented in term 

of a low resolution image and  a set of details coefficients. The transformed data 

coefficients are obtained by averaging two consecutive pixels, while the detail 

coefficients represent the difference between the average and one of the two 

consecutive pixels. So the above image will be represented as follows after the first 

cycle: 

Transformed coefficients :6 6 5 4               Detail coeficients:1 –3 –2 1 

Now the original image can be represented by a four pixel transformed image 

((a+b)/2) after the first cycle and a four pixel image containing the detail coefficients 
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((a-b)/2). Recursively iterating this algorithm leads to an image that is reduced by a 

factor of two for each cycle.The detail coefficients are required to reconstruct the 

image. Reconstruction of the original image involves adding and subtracting the 

detail coefficients to and from the subsequent transformation coefficients for each 

cycle .During Reconstruction of the original image of the previous example, adding 

and subtracting the transformation and detail coefficients obtain the first pair of 

pixels [ Colm Mulcahy(2004)]. 

In 2D wavelet transformation, structures are defined in 2-D and the 

transformation algorithm is applied in  x  direction first and then in the y-axis 

 

- Thresholding 

Threshold determination is an important question for denoising process. Small 

Threshold may yield a result close to the input , but the result may still be noisy  . A 

large threshold on the other hand , produces an output with large number of zero 

coefficients.This leads to a smooth image. Paying too much attention to smoothness, 

however ,destroys detials and in image processing may cause blur and 

artifacts[[Pujita Pinnamaneni(2003)]. 

The plot in fig (3) shows a noisy signal, for this signal replacing noisy 

coefficients(small coefficients below a certain threshold value)by zero and an inverse 

wavelet transform may lead to reconstruction that has denoised. Stated more 

precisely ,the thresholding idea based on the following assumptions[Gabriel 

Cristobal 1996]: 

 The decorrelating property of a wavelet transform creates a sparse signal: most 

untouched cofficients are zero or close to zero. 

 Noise is spread out equally along all coefficients 

 The noise level is not too high so that  the signal wavelet coefficients from the 

noisy ones can  be distinguished [Martin Vetterli S Grace Chang, Bin Yu(2000)]. 

 

- Hard and Soft Thresholding 

Hard and soft thresholding with threshold λ are defined as follows 

The hard thresholding operator is defined as  

       D(U, λ)=U for all |U| > λ 

                   =0 otherwise 
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The soft thresholding operator on the other hand is defined as 

   D(U, λ)=sng(U) max (o,|U|- λ) 

Hard threshold is a” keep or kill” procedure and is more intuitively appealing. 

The transform function is shown in fig (4).The alternative ,soft thresholding (whose 

transfer function is shown in fig(5)), shrinks coefficients above the threshold in 

absolute value.While at first sight hard thresholding may seem to be natural, the 

continuity of soft thresholding has some advantages. It makes algorthims 

mathematically more tractable.Moreover, hard thresholding does not even work with 

some algorithms , sometimes, pure noise coefficients may pass the hard threshold 

and appear as annoying „blips‟ in the output.Soft thresholding shrinks these false 

structures[Maarten Jansen(2001)]. 

 

                                             Fig(3) Noisy signal     

 

                                          Fig(4)Hard threshold             
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Fig(5) Soft threshod 

 

 IMPLEMENTION and RESULTS 

 In this paper  the( Mathlab 7) program used to for image denoising according 

to following steps: 

 Read RGB image 

 Used the flowchat in Fig (2) to extact PC bands 

 Define  the throshold value, two type of throshold value used the hard 

throshold and the soft throshold 

 The Haar transform matrix used to handle the PC1 using the block 

process operation that found in the Mathlab 

 Get RGB band from the PC bands  from following 
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           E ji
1

),(
 is the (3*3) eign vector matrix inverse 

Fig(6) shows the result obtained when denoising sheme(Haar Wavelet)is 

applied to the noisy sattelite image(PC1 only)fig(5) using the hard threshold(zero  

threshold) and soft threshold (this threshold represent the stander devation and the 

mean of image PC1 gray values). 
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Fig(5-a) the orginal image   
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Fig(5-b)Original image histogram(PC1 only) 
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Fig(5-c) The noisy image 
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Fig(5-d)Noisy image histogram(PC1 only) 

 

Fig(6-a)Denoising image using standard devation threshold 
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Fig(6-b)The Histogram of  image (6-a) 

 

Fig(6-c)Denoising image using mean threshold 
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Fig(6-d)The Histogram of  image (6-c) 
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Fig(6-e)Denoising image using Hard threshold 
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Fig(6-f)The Histogram of  image (6-e) 

 

 The effect of using wavelet denoising is clear ,by comparing the result images 

histograms  with the original image histogram ,for example ,fig(6-f) shows the 

information losses (using hard threshold)comparing to fig(5-b), also the PSNR( Peak  

Signal to Noise Ratio) used to analysis and compare the Wavelet performance with  

standered method (a daptive wiener filter) .The PSNR defiend as folow 

PSNR= 20 








rms

b
log

10
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where b is the largest possible value of the signal (typically 255 or 1), and rms is the 

root mean square difference between two images. So by applying the a above 

equation the following result obtained   

  

     Image                                      PSNR 

              Noisy Image                             20.24 dB  

 

    Wavelet denoising                    26.71 dB 

( standard devation threshold) 

 

                 Wavelet denoising                26.78 dB                   

                (mean threshold) 

   

               Wavelet denoising                   26.55 dB                

                (hard threshold) 

 

 

                 Adaptive filter                         25.87 dB 

 

 

 

CONCLUSION and FUTURE WORK 

         Experimental results shown above( the PSNR values) indicates that  wavelet 

transform is an effective method of denoising noisy images and the most  important 

feature is the transform threshold choicing  by investigating Soft threshold schemes 

virses the Hard threshold shemes. 

The principal component transformation, is applied to the color image. The  

data histogram for the PC1 band  is studied and compare with the one of the 

origional histogram  and was found that approixamtly 90% of image information 

found in this band ,so  by process the first component (PC1) only the time and 

storage need for color image processing  can be reduced. 

In future handle the same process using another methods of  threshold 

technique such as SureShrink,VisuShrink and BayesShrink[Raghuram 

Rangarajan(2002)].  
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ABSTRACT 

 

          Single phase AC induction motors are one of the widely used motors in the world, yet relatively 

little woke has been done in the applications of power electronic converter to these motors to achieve 

variable speed operation. When variable speed is required, it is usually achieved either by using auto 

transformer or by switching between two or more fixed winding configurations. The motor is analyzed 

as an unbalanced two phase system to determine the torque that can be expected under variable 

frequency control. 

The performance of capacitor-run single phase induction motor used in SHEPWM adjustable speed 

drives in the steady-state is investigated. The supply voltage-frequency law for the motor is selected in 

such a way as to insure a correct operation of the motor over the whole speed range. 
 

 
 SHPWMالسُطزة علً مسىق محزك حثٍ أحادٌ الطىر مغذي من عاكس َعمل بتقنُة 

 المتغُزَن  و الجهذباستخذام طزَقة التزدد 

 
 الخلاصة 

 حٌ إّجاصٕا حوه أىَحشك أىحثٌ أحادً اىطوس ٕو أحذ اىَحشماث الأمثش شَوعا  فٌ اىعاىٌ. حخي اُُ حوجذ أعَاه قيَيت ّسبَا         

ٓ اىَحشماث ىخحقَق عَيَت حغََش اىسشعت. عْذٍا ٍنوُ اىَطيوب حغََش اىسشعت فأُ زً ٕزحطبَقاث ٍحولاث اىنخشوَّاث اىقذسة اىخٌ حغ

أو بواسطت اىخحوٍو بَِ أثَِْ أو أمثش ٍِ اىخشنَلاث اىثابخت ىيَيف. حٌ ححيَو اىَحشك مَْظوٍت اىَحوىت اىزاحَت  ىل ٍخٌ عادة أٍا باسخخذاًر

 ً ٍَنِ حوقعٔ ححج سَطشة اىخشدد اىَخغَش.زاىطوس غَش ٍخضّت ىحساب اىعضً اى ثْائَت

و اىَخسعت اىذائََت وعْذ اىحاىت اىَسخقشة واىَسخخذً فٌ ٍسوقاث اىسشعت اىقابيت راىَحشك أىحثٌ أحادً اىطوس حٌ اىخحقق ٍِ أداء  

حشدد ىيَحشك بطشٍقت ٍا ىَضَِ  -قاّوُ اىفوىخَت ٍخٌ اخخَاس.  ف اىخوافقَاث الاّخقائٌزبخضََِ عشض اىْبضت بحواىخٌ حعَو  ىيخْظٌَ

 الاشخغاه اىصحَح ىيَحشك عبش اىَذى اىناٍو ىيسشعت.           
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INTRODUCTION 

 

         Single phase induction motors are one of the most widely used types of low power motors in the 

world, especially for domestic or commercial applications where a three-phase power supply is not 

available. These are inherently single and comparatively constant speed machines. In the case of 

applications requiring variable speed operation, a supply with variable frequency and voltage is needed. 

Variable frequency-voltage supplies can be available in the form of inverter [M.Ozdemir 1999, 

D.G.Holmes 1993].  

However, speed modulation of a single-phase motor is usually achieved either by some electrical 

means, such as reducing supply voltage by auto-transformer, or by switching windings to change the 

number of motor poles for different operating condition as required.            

Up to date only a few alternatives to variable frequency converters have been reported used to achieve 

variable speed single phase motor operation. One of these approaches uses a single phase converter to 

control the phase angle of the voltage applied to the motor auxiliary winding, while the main winding 

remains connected to the AC supply [E.R. Collins 1988]. Other work have proposed a continuous 

variable speed control of single phase motor, using a standard three phase voltage source inverter 

[M.Ozdemir 1999].  

Voltage control is a simple method for changing the speed of capacitor-run motor shown in Fig.1, but it 

allows only a very limited speed range to be obtained. Nowadays the frequency control acts as an 

interesting alternative to voltage control [P.C.Sen 1997]. The 

capacitor-run motor seems to be one of the most appropriate 

actuators for variable speed drives [Twin City 2000]. In this 

paper frequency control in a range below the rated frequency 

is investigated. The current study provides a performance 

analysis of capacitor-run single phase induction motor fed 

from variable frequency variable voltage supply involved 

steady-state equivalent circuit of the machine.              
           Fig. 1: Capacitor-run Single Phase  

           Induction Motor  

                       

SINGLE PHASE INDUCTION MOTOR MODEL 

 

           Single winding single phase motors are most effectively 

analyzed using the Double Revolving Field Theory, which splits the 

oscillating single magnetic field produced by a current flowing 

through the winding into two contra-rotating magnetic fields, each of 

which can be analyzed using normal three phase rotating field theory. 

The equivalent circuit for a single winding motor under these 

conditions is shown in Fig.2 [D.G.Holmes 1993]. 

The rotor impedance referred to the stator has been separated into two 

halves, with one half influenced by the forward rotating field and the 

other influenced by the backward rotating field. 
 

Fig. 2: Equivalent Circuit of Single Winding 

Single Phase Induction Motor 

For a two winding motor, with the windings arranged in space quadrature on the stator, this analysis 

can be extended to develop a similar single phase equivalent circuit for each winding, with an 

additional speed voltage in each winding representing the voltage induced in the winding from the 

other winding's flux. The total equivalent circuit for this arrangement is shown in Fig.3, for two 

 R1       jX1 
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jX2 / 2 
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unbalanced windings with a turns ratio of "1:as" between the main and the auxiliary winding. Note that 

the parallel branches for each winding equivalent circuit have been converted into equivalent series 

impedances. 

 

            
Fig. 3: Equivalent Circuit of Unbalanced Two Winding Induction Motor 

 

The impedances for this equivalent circuit are defined as:  

R1m, X1m= Main winding resistance and leakage reactance. 

R1a, X1a = Auxiliary winding resistance and leakage reactance. 

Xm = Main winding magnetizing reactance. 

as
2
Xm = Auxiliary winding magnetizing reactance. 

R2, X2 = Rotor resistance and leakage reactance referred to main winding. 

as
2
R2, as

2
X2 = Rotor resistance and leakage reactance referred to auxiliary winding. 

1:as = Turns ratio between main and auxiliary winding. 

No attempt has been made to include a core loss representation into the model. 

          Using these definitions, the series equivalent forward and backward impedances shown in Fig. 3 

become: 
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where S is the motor slip. 

As shown in [D. G. Holmes 1993], the average motor torque developed using this model is given by: 
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, and the pulsating torque is: 
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where φ is the Phase angle between the main winding current Im and auxiliary winding current Ia and ω1 

is the angular synchronous speed.        

    

SPEED CONTROL OF INDUCTION MOTORS 

 

      There are really only two techniques by which the speed of an induction motor can be controlled. 

One is to vary the synchronous speed, and the other is to vary the slip of the motor for a given load. 

The synchronous speed (N1) of an induction motor is given as: 

 

N1 = 60 f1 /P                                             (7) 

 

So only two ways in which N1 can be varied: (i) by changing the electrical frequency (f1) and (ii) by 

changing the number of poles (2P) on the machine. Slip control may be accomplished by varying either 

the rotor resistance or terminal voltage of the motor. 

There are two major approaches to changing the number of poles: (i) the method of consequent poles, 

and (ii) multiple stator windings. 

For the first method, the speeds will be in ratio of 2:1. With combining the two methods it is possible to 

build a four-speed induction motor only (could be accomplished for three phase induction motor only). 

The speed may be controlled over limited voltage by varying line voltage. This method is sometimes 

used on small motors driving fans. The torque developed by the motor is proportional to the square of 

the applied voltage. 

In the wound rotor induction motors, it is possible to change the shape of torque-speed curve by 

inserting extra resistances into the rotor circuit machine.  The more popular speed control technique is 

by changing the line frequency [S.J. Chapmen 1999]. 

 

A. (V/f)  Speed control Strategy 

 

      Nowadays the rotary-converter method is being supplanted on a wide scale by static converter 

methods in which performance and reliability of variable speed AC systems are improved. 

If the electrical frequency applied to the stator of an induction motor is changed, the rate of rotation of 

its magnetic fields N1 will change in direct proportion to the change in electric frequency, and the no-

load point on the torque-speed characteristic curve will change with it. The synchronous speed of the 

motor at rated conditions is known as the base speed. By using variable frequency control, it is possible 

to adjust the speed either above or below the base speed. A properly designed variable-frequency 
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induction motor drive can be very flexible. It can control the speed of the motor over a range from as 

little as 5% of base speed up to about twice base speed. However it is important to maintain certain 

voltage and torque limits on the motor as the frequency is varied, to ensure safe operation. 

When running at speed below the base speed of the motor, it is necessary to reduce the terminal voltage 

applied to the stator linearly with decreasing stator frequency. This process is called (derating). If it is 

not done, the steel in the core of the motor will saturate and excessive magnetization currents will flow 

in the machine. 

The starting current drawn by an induction motor with a fixed frequency during direct-on-line start is 

normally about six times its rated value. This current can be reduced by reduction of supply voltage 

magnitude which leads to reducing the starting torque. However, when variable frequency is used it is 

possible to use a low starting frequency and voltage and then raise it as the motor accelerates to 

maintain constant air gap flux, and constant (V/f) [A. Jalil 1980]. 

The method of choice today for induction motor speed control is the solid-state variable-frequency 

induction motor drive. The output voltage and frequency control is achieved by using PWM 

techniques. 

 

B. Choice of Voltage and Frequency Patterns 

 

          Some loads such as fans require little torque when starting (or running at low speeds) and have 

torques, which increases, as the square of the speed. Other loads might be harder to start, requiring 

more than the rated full-load torque of the motor just to get the load moving. This drive provides a 

variety of voltage-versus-frequency patterns, which can be selected by its load. Fig. 4.a shows the 

general-purpose pattern, and Fig.4.b shows fan torque pattern (with low starting torques) when the 

output voltage changes parabolically with changes in output frequency for speeds below base speed      

( f1).  

For any given frequency below the base frequency, the output voltage will be lower than it was with 

the general pattern, providing a slow, smooth start for low torque loads [S.J. Chapmen 1999] for this 

work the selected voltage values will increases by 10% for the low order frequency (5-15Hz) to 

improve the starting torque . 

        
Fig. 4: Voltage versus Frequency Patterns: 

(a) General Purpose, (b) Fan Torque. 

 

C. Speed Control of Capacitor-run Single Phase Induction Motor 

 

          Fractional horsepower single phase motors were estimated to constitute about 80 % of the motors 

used in the industrial and commercial sectors. Therefore, the intensive exists to improving the 

efficiency and power factor and harmonic contents of single phase motor applications [Y. Baghzouz 

1988]. 

The capacitor-run single phase motor seems to be one of the most appropriate actuators for variable 

speed fractional-horse-power drives. Voltage control is a simple method for changing the capacitor-run 

Frequency (Hz) 

Voltage (V) 

V rated  

f1 2f1   

 (a)  (b) 

  f1  2f1 
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motor speed. The supply voltage may be varied by an autotransformer, as in the past, or by 

semiconductor switching elements. However, voltage control of standard capacitor motors allows only 

a very limited speed range to be obtained.   

Nowadays the development of less expensive electronic power devices makes frequency control an 

interesting alternative to voltage control. Recently some authors have proposed to change the speed of 

single phase motors using cycloconverters, or inverters. The most advantageous of this kind of control 

seems to be the possibility of obtaining satisfactory speed regulation with standard motors [Twin City 

2000,U. Raghzouz 1988]. 

Adjustable speed is needed in various single phase motor drives. At speed lower than the rated value, 

the motor current increases considerably. The resulting heat dissipation, in addition to sufficient motor 

torque development, sets a lower limit to the operating speed range. It is well known that line power 

factor improvement and minimum current distortion can be achieved by using PWM inverters which 

have been successfully applied to adjustable-speed three phase induction motor drives where motor 

voltage and frequency are simultaneously controlled. It is feasible to apply the variable-voltage 

variable-frequency control strategy to a PWM inverter-fed single phase motor [Twin City 2000,U. 

Reghzouz 1988].  In this paper, frequency control in a range below rated frequency is investigated. 

With the same number of pulses per cycle, the optimized Selective Harmonic Elimination PWM 

technique tends to produce currents of higher quality than do other PWM techniques [Jamal A. 2002]. 

In this paper, the feasibility of applying the variable-voltage variable-frequency control strategy to a 

HEPWM inverter-fed single-phase motor is studied. 

torque-speed characteristic of a single phase motor will first be analyzed for the frequency range of 

interest, followed by a simulation of the drive in steady-state condition. 

 

  

SIMULATION RESULTS 

 

          The operation of a single phase induction motor under the proposed variable-speed control 

strategy has been extensively tested in simulation using a four pole, 1275 rpm, 220V, 175W, capacitor-

run single phase induction motor, and the applied voltage rose by 10% for the frequencies (5, 10 and 

15) to improve the starting torque. The parameters of this motor are listed in the Table A.1 in the 

Appendix A. 

Simulation of this motor was developed using the MATLAB program on a PC, using the model 

topology shown in Fig. 3, but with all reactance’s replaced with equivalent inductance values, to allow 

the effects of the variable supply frequency to be investigated. 

The performance of capacitor-run single phase induction motor used in adjustable speed drives is 

investigated by applying the optimal SHEPWM technique [Dariusz 2002] for two different values of 

switching angles (sw=3 and 7 or eliminating of the first two and six harmonics respectively). Fig. 5 

shows the comparison of the motor performance at these two cases. It can be seen from the curves that 

the rated, starting and maximum motor currents with sw=7 are less than that with sw=3 for the most 

frequency range. It can be seen that decreasing of frequency causes decreasing of these currents, since 

the voltage decreases with frequency at the same time. It should be noted that for 5Hz; the starting and 

maximum torque to rated torque (Ts/Tr and Tm/Tr =9.5) with sw=7, while they are equal to (8.5 to 9) for 

sw=3. Therefore the torque ratios with sw=7 are larger than that with sw=3 by (11.2%) at the low 

frequency. So that the motor will start with higher starting torque with sw=7 than that with sw=3. From 

the same figure we can also see that the motor rated and maximum currents, losses, additional losses, 

input power, pulsating torque, and additional pulsating torque with sw=7 is less than that with sw=3.  

Since the switching angles with sw=7 is higher than that with sw=3, therefore the switching losses will 

be higher with sw=7. The drive switching losses can be neglected with respect to the motor losses. As a 
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result the overall efficiency (η) will be higher with sw=7 than that with sw=3. It can be seen from the 

Fig. (5) that the performance of the motor fed be SHPWM inverter with sw=7 is better than that with 

sw=3. In other word increasing the switching angles (or harmonics to be eliminated) in the output 

voltage of the inverter will improve the performance of the motor.  As a result the 7-switching angles 

SHEPWM technique is more suitable to be used with the motor adjustable speed drive.     

Table 1 illustrates the performance of the motor with different frequencies with sw=3 and 7 to get 

speed control of motor with smooth start.  

Fig. 6 shows the performance curves of the proposed motor fed by 7-switching angles SHEPWM 

inverter adjustable speed drive. The figure shows that the maximum slip are equal to unity (standstill) 

at low frequency 5 Hz, and will decrease with increasing frequency, therefore the motor starts at 

maximum torque. In this case, the starting with frequency more than 5 Hz is suitable for speed control.  

As a result, the motor torques (starting and maximum) are very low at low frequencies and they 

increase with increasing frequency. It can be seen from the same figure that the starting and maximum 

to rated currents (Is/Ir and Im/Ir ≈ 1) at lower frequency (5 Hz) and equal to (1.91 and 1.35 respectively) 

at (50 Hz). Therefore the starting current with f=5Hz, reduces by approximately (91%) of that with base 

frequency. Therefore the frequency 5Hz is suitable for smooth starting. 

It can also be seen that the current ratios approximately (equal to 1.6) in the range of (5-15) Hz, which 

is more than the rated (due to voltage increasing) and that might cause heating the motor over the rated 

due to increases.   

Studying the curves in Fig. 6 is very important for improving the performance of the proposed motor. 

As a result it is feasible to apply the variable-voltage-frequency control strategy to SHEPWM inverter 

fed single phase capacitor-run induction motor.       

The mechanical and electrical characteristics of the proposed motor fed by 7-switching angles 

SHEPWM adjustable speed drive are shown in Fig.7. It can be seen from the mechanical characteristic, 

that the speed range for fixed load (Tc) will be limited to 50 Hz curve only, since this curve intersects 

the straight line Tc at the point Q50, while the fan load line (TL) will pass through all the operating 

points (>5Hz). As a result, the speed control of motors with fan load is more effective than with fixed 

load.     

The electrical characteristic in Fig. 7 shows how the motor will be started smoothly at 5 Hz drawn 

1.5A, and increases with frequency increase till it reach 2.355 at (50Hz). While the motor will drawn 

four to five times of its rated if starts directly with 50 Hz (220volt) main supply 

At low frequency operation the torque reduced due to increasing the effect of the capacitor reactance 

which lead to torque reduction, increasing the applied voltage for low frequencies will cause starting 

torque increasing as well as the losses. 

 

 

CONCLUSIONS 

          At speed lower than the rated speed the motor current increases considerably for constant 

voltage. The resulting heat dissipation, in addition to insufficient motor torque development, sets a 

lower limit to the operating speed. 

The current study has shown that the variable-voltage variable-frequency method can be effectively 

applied to control the speed of a single phase induction motor through a SHEPWM inverter. Note that 

not only the motor performance is improved, but also the speed range is much wider.     

Increasing the voltage for low frequencies is a good solution to improve the starting torque but might 

cause extra heating. 
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Smooth starting of the motor prevents the excessive current from occurring at starting time, which 

causes heat generation and may destroy the motor insulation and decrease the motor lifetime. As a 

result smooth starting improves the motor performance.  

Single phase motor can only be effectively applied for adjustable-speed drives with fan-type loads for 

constant (v/f) but it can by effective for general purpose when starting torque improved.    

Increasing the switching in the output voltage of the inverter will improve the performance of the motor 

but increasing the switching losses   
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Fig. 5: performance comparison of motor fed by SHEPWM inverter adjustable speed drive between 3 & 7 switching angles 
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 Fig. 6: the performance of the proposed motor fed by 7-Switching Angles SHEPWM Inverter Adjustable Speed Drive 
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Fig. 7: Mechanical and Electrical Characteristics of the Proposed Motor Fed by 7-Sw. Angles SHEPWM Adjustable Speed Drive 

 

Table 1: Motor Speed Control by Using Variable-Voltage, Variable-frequency Method Using SHPWM Technique 
 

s 3 7 
f 

(Hz) 

V1 

(V) 

Nr 

(Rpm) 

Ir  

(A) 

Is 

 (A) 

Tr 

(N.m) 

Ts 

(N.m) 

η 

 (%) 

Nr 

(Rpm) 

Ir 

 (A) 

Is  

(A) 

Tr 

(N.m) 
Ts 

(N.m) 

η 

(%) 

5 24.2 45 1.55 1.56 1.66e-3 .015 4.6e-3 44 1.5 1.59 1.5e-3 .0147 2.5e-3 

10 48.4 250 1.54 1.6 .056 .0215 .9 208 1.53 1.6 .05 .027 .8 

15 72.6 406 1.51 1.67 .1334 .049 3.6 406 1.5 1.7 .1335 .0174 3.4 

20 88 525 1.0837 1.3872 .2234 .0347 11.96 525 1.246 1.5178 .222 .0372 14.1 

25 110 654 1.5185 1.9115 .3461 .0468 12.79 656 1.0932 1.5946 .3491 .065 28.62 

30 132 796 1.7963 2.3013 .5095 .1506 20.29 784 1.0554 1.7666 .4953 .1098 40.59 

35 154 910 1.4454 2.1826 .6681 .1771 38.39 908 1.0514 1.9407 .6642 .1709 50.25 

40 176 1030 1.287 2.2156 .8574 .2519 51.57 1030 1.0751 2.0994 .8548 .2505 57.61 

45 198 1152 1.2371 2.2933 1.0694 .3523 60.35 1151 1.1332 2.2374 1.0709 .352 63 

50 220 1275 1.2692 2.3747 1.3122 .48 66.13 1275 1.2299 2.3539 1.312 .4799 67.04 

 

Appendix (A) 

 
Table A. 1: Parameters and Specifications of the Proposed Motor 

 

Turn ratio a s 1.066  

Number of pole pair P 2  

Main winding resistance R1m 33.5 Ω 

Main winding leakage reactance X1m 27 Ω 

Auxiliary winding resistance R1a 34.5 Ω 

Auxiliary winding leakage reactance X1a 28 Ω 

Rotor resistance R2 20 Ω 

Rotor leakage reactance X2 12.5 Ω 

Magnetization reactance Xm 173 Ω 

Rated supply voltage V1 220 V 

Rated current I 1.215 A 

Total Power losses ΣP 85 W 

Output power P2 175 W 

Efficiency η 67.38 % 

Power factor Pf 0.9726  

Rated speed Nr 1275 Rpm 

Capacitance C 6 μF 

 

50 Hz 

45 Hz 

40 Hz 

35 Hz 

30 Hz 

25 Hz 

20 

15 
10 

Tc 

TL Q50 

Q45 

Q40 

Q35 

Q30 

Q25 
Q20 

Q15 Q10 

50 Hz 

45 Hz 

40 Hz 
35 Hz 

30 Hz 
25 Hz 

15 Hz 

10 Hz 
20Hz 5 Hz 



Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 3673 

 

 

 

 

 

MODELING THE DISTRIBUTION OF (BOD) AND (TDS) IN PART 

OF TIGRIS RIVER WITHIN BAGHDAD 
Ibtihaj A. Abdul Razzak ,  Abbas H. Sulaymon  and  Abdul Jabbar R. Al-Zoubaidy 

 

 الخلاصة:
( ، BOD5ّالوخوثلت فٖ )الاّكسد٘ي الس٘وْٕ الوووخ) ) حن حطب٘ق ًوْرج الخلاٗا الوخعذدة لغشض هعشفت اًخشاس الولْثاث 

( علٔ ًْع٘ت ه٘اٍ ًِش دخلت فٖ الوٌطقت الْاقعت  ب٘ي خسش الأئوت ّخسش الدوِْسٗت ّالووخذة علؤ غوْ  TDSالوْاد الزائبت الكل٘ت )

 كن( ظوي هذٌٗت بغذاد ، ّالخٖ حسخْٕ علٔ اسبعت هسطاث للصشف الصسٖ حصشف هباششة الٔ الٌِش . 9)

بعذ حزّٗذٍ بالب٘اًاث السقل٘ت الخٖ حن   قسوج هٌطقت الذساست الٔ ازذٓ عشش خل٘ت راث ازدام هخخلفت ، ّحن حشغ٘ل البشًاهح 

هي الٌِش ّهي اسبعت هسطاث للصشف الصوسٖ الوْخوْدة  عا  السصْ  علِ٘ا هي ًخائح حسل٘ل الٌوارج الخٖ خوعج هي اثٌٔ عشش هْق

أًدز الخسقق هي الٌووْرج ّرلوب بخطب٘قوَ ،  30/4/2006الٔ  15/11/2005للفخشة هي  سبْع٘يظوي هٌطقت الذساست حن خوعِا كل ا

 لاسخٌباغ الخشاك٘ز للوخغ٘شاث الخٖ حن فسصِا بصْسة دّسٗت ظوي هٌطقت البسث . 

زظوت اى حن حطب٘ق بشًاهح خاُز ٗعخوذ علٔ غشٗقت الفشّقاث لغشض حقذٗش حشاك٘ز الوخغ٘شاث ًّوزخت ًْع٘ت الو٘اٍ , ّحون هلا

بلغووج  BOD5حشاك٘ووز الولْثوواث فووٖ الٌِووش ٗووزداد خااووت فووٖ الوٌوواغق الخووٖ ٗووخن فِ٘ووا الصووشف هباشووشة الوؤ الٌِووش ز٘ووث اى حشاك٘ووز 

(140ppm علٔ بعذ )1.4km  ّ 170هي بذاٗت هٌطقت الذساسوتppm  5علؤ بعوذkm  ّ160ppm  6.5علؤ بعوذkm  ّ155ppm 

هي اخش ًقطوت  300mعي ًقاغ  الصشف ز٘ث اًِا حصل الٔ السذّد الوسوْزت بعذ ثن حٌخفط فٖ الوٌاغق البع٘ذة  7.5kmعلٔ بعذ 

كاًج ظووي السوذّد الوسووْزت علؤ غوْ  هٌطقوت الذساسوت هوا عوذا  TDSبٌ٘وا ق٘ن  ,هي بذاٗت هٌطقت الذساست 7.8kmاشف إ بعذ 

شف الصوسٖ لدعول حشاك٘وز ّهوي العوشّسٕ السو٘طشة علؤ حصواسٗا هسطواث الصو , 1100ppmفاًِوا حصول الؤ  5kmعٌذ البعذ 

فونى  ساعت ْٗه٘وا( 12) عٌذ حشغ٘ل ُزٍ الوسطاث بطاقخِا القصْٓ ز٘ث لْزظالولْثاث فٖ ه٘اٍ ًِش دخلت ظوي السذّد الوسوْذ بِا 

م 250)  حشاك٘ز الولْثاث ٗزداد خصْاا عٌذها ٗكْى حصشٗا ًِش دخلت قل٘ل
3
 ./ثا( 

ولْثاث فٖ الٌِش بالٌسبت لٌخائح الٌوْرج  ) الخٖ حن السصْ  علِ٘ا هي البشًاهح ( فاًَ حن حْظ٘ر اًخشاس الSurferبخطب٘ق بشًاهح )

 .الوقاسًت بٌِ٘وا  أخشٗجالسابق ( ّكزلب بالٌسبت للٌخائح السقل٘ت )الخٖ حن السصْ  علِ٘ا هي الفسْااث الوخخبشٗت ( ّ

 

ABSTRACT: 

 A multi-cells in serial model was developed to simulate the distribution of pollutants (which 

are BOD5 and TDS) in Tigris river between Al-A'imma bridge and Al-Jumhuria bridge ,a reach 

which is about (9 km) length within Baghdad city; this includes four sewage pumping stations 

untreated discharged to the river. 

This region was divided into eleven cells of different volumes. The model was operated 

using the field data, which were obtained from the results of laboratory test of samples which were 

collected from twelve stations in the river and four sewage pumping stations located within the 

study region twice a month from 15/11/2005 to 30/4/2006. Verification of the simulation model was 

accomplished by its application to predict the substances concentrations observed. 

A package program of differential equation were applied to obtain the concentrations of 

parameters and modeling the water quality, it was concluded that the concentrations of pollutants 

were increased at the discharge points in the river, the concentration of BOD5 reached 140ppm at 

1.4km from the beginning of the study region, 170ppm at 5km, 160ppm at 6.5km and 155ppm at 

7.5km, then BOD5 became within the acceptable values in the other regions and finally it reaches 

the acceptable value after the last discharge point (7.8km) from the beginning of the study region, 

TDS was within the acceptable range except at 5km it reaches 1100ppm. sewage pumping stations 

shouldn't set at high discharge rate (12 hr/day) to decrease the pollutants concentrations in Tigris 

river in order to keep these concentrations within the acceptable values specially at low flow of the 

river (250 m
3
/sec). 
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 By using Surfer program to show the distribution of model results (obtained from the 

previous program) and the field results (which were obtained from the laboratory tests) and to 

compute the comparison between them. 

 

INTRODUCTION: 

 

Fresh waters are facing an increasing load of the disposal of polluted waters due to rapid 

growth of industrial and municipal activities as well as the increase of land drainage due to 

agricultural activities. Outfalls effluents with high pollutant concentrations are discharged to fresh 

water without treatment causing near field and far field pollution conditions in rivers (Petrus,1990). 

The quantitative and qualitative study of water resources, their development and management 

become one of the major concerns of the society. The escalating demands on limited water 

resources, needs for maintaining suitable water quality for human, agricultural, and industrial uses 

and complex interactions of numerous elements of the man-water environment have necessitated 

the use of more sophisticated forecasting techniques. Such forecasting is essential in the planning, 

designing, and management of water resources system. [Hikmat , 2005] 

 Water quality studies have focused on cases where sever pollution problems are arises, 

especially in heavily populated urban areas. Baghdad city is over populated and produced a huge 

amount of wastewater from different sources which are disposed into Tigris River directly or after 

treatment. In the last few years, an increase of wastewater directly disposed in the river using pump 

stations of storm sewer network have caused high pollution levels in the river water.(Dahr,2004).  

Most potential negative environmental impacts from the application of recycled water to the 

environment come from recycled water's origin as wastewater. These impacts include other water 

resources, potential contamination of surface and groundwater sources. Public health hazards, and 

other environmental impacts that may directly or indirectly affect the public. Fortunately, very few 

significant negative impacts have ever occurred. It is important that all public water systems serve 

water of the best possible quality to their customers(William,2001). 

 Water quality characteristics fall into the following four broad categories:  

1- Physical. 

2- Chemical. 

3- Biological. 

4- Radiological. 

         The concentration of pollutant in the river is affected by water discharges, velocities and the 

dispersion coefficient values which is continuously changes with time.  

        The estimation of the velocities which is the major factor affecting the pollutant movement, is 

often based on physical models or actual measurements. Both are time-consuming and relatively 

expensive. 

       Tigris river facing the effect of conservative pollution due to the discharge of wastewater in it. 

The present research is to study the effect of pollution sources between Al-A'imma bridge 

and Al-Jumhuriya bridge on Tigris river water quality, the pollution sources include four sewage 

pumping stations: Fig.(1). 

 1- (RQ) sewage pumping station.      (S1) 

 2- (T1) sewage pumping station.       (S2) 

 3- (M112) sewage pumping station.   (S3) 

4- (M108) sewage pumping station.   (S4)  
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Figure ( 1 ) Tigris river between Al A'imma bridge and 

Al-Jumhuriya bridge.   [Tourist map of Baghdad 2004] 
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EXPERIMENTAL WORK 

        The experimental work, in this study, can be divided into two parts; field work and laboratory 

work. In the following sections a brief description of the procedures and equipment were used. 

 

FIELD WORK 
 

 Spot samples were collected in order to study the effect of discharge of wastewater from the 

sewage stations to Tigris river between Al-A'imma bridge and Al-Jumhuriya bridge on Tigris river 

water quality. 

        Twelve stations were chosen in the study region, which includes four discharge points as 

shown in Fig. (2), and four samples from the sewage pumping stations which were discharge 

directly to the river  within the study region. 

         The samples were collected from the same stations twice a month from 15/11/2005 to 

30/4/2006.Table (1) shows the location and distances of these stations. 

 

RIVER-CROSS SECTIONS 

 

         An updating of the cross-sections measured in May 2000 for the Tigris river in Baghdad city 

which were conducted by the Ministry of Water Resources was utilized. Twelve cross-sections were 

surveyed along different selected stations on the river reach involved in the present study.  

 

 

 

Figure ( 2 ) General layouts of the study region 
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Table (1) The locations and distances of the sampling stations on Tigris river. 

 

 

St. 
No. Distance(Km) Locations Coordinates 

1 0.0 At  Al-A'imma bridge 33º22'29".82N 44º21'19".22E 

2 1.2 At  (RQ) pumping station 33º21'55".54N 44º2054".82E 

3 2.0 At  Al-Adhamiya bridge 33º21'33".71N 44º21'14".30E 

4 4.0 At  Al-Sarafiya bridge  33º21'27".50N 44º22'21".12E 

5 5.0 At  (T1) pumping station 33º21'02".14N 44º22'17".30E 

6 6.0 At  Bab Almuadham bridge 33º20'33".20N 44º22'44".99E 

7 6.5 At  (M112) pumping station 33º20'26".12N 44º23'03".80E 

8 7.0 At  Al-Shuhada bridge 33º20'17".03N 44º23'16".52E 

9 7.5 At  (M108) pumping station  33º20'09".70N 44º23'26".01E 

10 7.9 At  Al-Ahrar bridge  33º19'55".80N 44º23'43".17E 

11 8.5 At  Al-Sinak bridge 33º19'42".22N 44º24'00".99E 

12 9.0 At  Al-Jumhuriya bridge 33º19'28".46N 44º24'15".05E 
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The relationship between water level and flow of Tigris river was plotted as Rating Curve 

Fig.(3). 
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Fig.( 3 ) Rating Curve at Sarai Baghdad Gauging Station. 

The water level of Tigris river for the days when the samples collected were measured at 

Sarai Baghdad Gauging Station then the values of flow of the river were founded from the rating 

curve Fig. (3) and the results were tabulated in table (2).  

 

Table (2) Water Level and Flow of Tigris river at Sarai Baghdad Gauging Station. 

 

 Date W.L.(m) 
Sarai Baghdad 

Flow (Qin) 
(m3/sec) 

15/11/2005 29.72 875 

30/11/2005 29.08 698 

15/12/2005 28.96 667 

30/12/2005 28.90 652 

15/01/2006 28.88 647 

30/01/2006 28.94 660 

15/02/2006 28.79 625 

28/02/2006 28.72 607 

15/03/2006 29.36 770 

30/03/2006 29.20 730 

15/04/2006 28.92 655 

30/04/2006 28.88 645 
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LABORATORY WORK 

 

 River stream and outfalls sewage pumping stations samples were collected using bottles of 

one-liter capacity from the middle of the river at the depth of (0.5m), and the samples which 

collected twice a month were tested.  

 Two constituents were involved in the present work, Biological Oxygen Demand (BOD5), 

Total Dissolved Solid (TDS). 

 

BOD5 TEST BY ELECTROMETER METHOD 

 

 The instrument used In this method is BOD meter. The electrode placed in (250 ml) diluted 

sample in order to measure the initial dissolved oxygen (D1), and after 5 days the final dissolved 

oxygen was measured (D2) (YOUNG,1981) 

 then BOD5 was calculated by: 

 

P

DD
ppmBOD

21
5 )(,


  

Where: 

  D1= DO of diluted sample immediately after preparation, mg/l 

 D2= DO of diluted sample after 5 days incubation at 20ºC, mg/l 

 P = decimal volumetric fraction of sample used (dilution factor). 

 

TDS TEST BY FILTRATION FOLLOWED BY OVEN DRYING  

 

200 ml (V) of sample was filtered by filter paper to separate the suspended solid, then the 

beaker was weighted (A) and filled by the filtered sample ,the sample was dried in the oven at105
o
C 

for 5 hours ,the beaker with the  dissolved solid was weighted again (B)  (Clesceri,1998). 

 

Then TDS was calculated by : 

V

AB
ppmTDS


)(  

 

 

Figures (4) and (5) show the contaminants distribution of the average values of the field 

results. 

The allowable limit of (BOD5) according to the Iraqi standards is (40 ppm) and for (TDS) is (1000 

ppm)  
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    According to the Iraqi standards No.417 (2001), the allowable limit of (BOD5) is (40 ppm) and 

for (TDS) is (1000 ppm).  
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Figure (4 ) BOD5 variation along the study region. 
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Figure ( 5 ) TDS variation along the study region. 

 (1000 ppm) 

 

 (40 ppm) 

 



Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 3681 

MODEL, RESULTS, AND DISCUSION: 

 

The model operation will be tested and compared, separately as quality part, with field 

results. 

Input Data 

In order to prepare the input data needed to operate the model and runs the computer 

program the following steps were followed:- 

-The study region was limited from Al-A'imma bridge to AL- Jumhuriya bridge on Tigris river 

which is about (9) kilometers length within Baghdad city. 

- The study region was divided into eleven cells as shown in Fig.(6). 

 
 

 

 

 

Figure ( 6 ) Sketch of the study region (AL-A'imma bridge to AL-Jumhuriya bridge) 
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- The cross sectional area of each cell ( A1 ) was calculated with the help of the cross sectional areas 

of the river (water resources ministry, 2000 ) .  

 

To calculate the slope of the river within the study region the following steps followed:- 

 The water level at Sarai Baghdad gauging station ( 6800 m from Al'Aimma bridge ) ( WL1 ) 

was 28.88 m . 

 The water level at Al-Jumhuriya bridge ( 9000 m from Al'Aimma bridge ) ( WL2 ) was 28.73 m 

. 

 Y= WL1 – WL2 

   = 28.88-28.73=0.15m 

D= 9000-6800=2200 m 

Slope = Y/D 

          =0.15/2200=6.82*10^-5   = 6.82 cm/km 

While: 

Y = The different of water levels between two stations. 

D = The distance between the two stations. 

- The surface area of each cell ( A2 ) was calculated by multiplying the length by the width. 

A2 = L * W  

While: 

L = the length of the cell 

W= the width of the cell 

- The distance between each two neighboring cells ( from center to center ) ( C3 ) was setted. 

- The volume of cells were calculated ( V ) . 

V = A1 * L  

- The concentration of the pollutant in the river ( C ) and from the sewage pumping stations ( C2  ) 

were taken from the laboratory tests. 

-   The flow rate of water into the cell was measured  (Qin ) ( Table (2 )) 

- The flow rate of  the sewage pumping stations discharge ( Q2 ) are  listed In table (3) :- 

 

Table( 3 )The flow rate of the sewage pumping stations 

( Baghdad sewage authority, 2006 ). 
 

SPS Q2 ( m
3
/ sec ) 

S1 7.85 

S2 6.656 

S3 1.38 

S4 0.69 

 

 

  - The withdraw flow of water pumping stations were shown in table (4) :- 

 

Table ( 4 ) Withdraw flow of water intake stations 

( Baghdad water authority, 2006 ). 
 

Water stations Qw  (  m
3
/sec ) 

Al Karama          8.2 

Al Wathba 13.889 
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-The monthly rainfall and evaporation rate are tabulated in table (5) which used in the equation:- 

             

             Q out = Q in + Q 2 – Q w + QP – QE '    

                     

Table ( 5 ) The monthly rainfall and evaporation rate         ( Iraq Climate, 2006 ) 
 

Months Rain fall  ( P ) ( mm ) Evaporation ( E' ) ( mm ) 

11 9.9 113 

12 13.4 89 

1 11.9 45 

2 10.8 67 

3 20.5 112 

4 24.7 154 

 

- The dimensions of the cells are tabulated in table (6):- 

            Table ( 6 ) Some dimensions of the cells in the study region 

 

    Cell        

number 

W(m) L(m) C3 ( m ) A1 ( m
2
 ) A2 ( m

2
 ) V ( m

3 
) 

1 230 1200 1000 1084.7 276000 1301640 

2 240 800 1400 580.3 192000 464240 

3 130 2000 1500 924.2 260000 1848400 

4 230 1000 1000 793.6 230000 793600 

5 175 1000 750 532.9 175000 532900 

6 150 500 500 527.9 75000 263950 

7 150 500 500 879.0 75000 439500 

8 175 500 450 903.2 87500 451600 

9 200 400 500 1479.4 80000 591760 

10 230 600 550 157.9 138000 945540 

11 260 500 / 1467.2 130000 733600 

 

- To compute the longitudinal dispersion–coefficient there are several empirical and analytical 

equations have been recommended by various investigators.  

Elder (1959), derived a formula for the dispersion coefficient for an infinitely wide two-

dimensional flow down a plane as followes:- 

 

DL = 5.93 H U                                                                     (1) 

Where: 

DL is the longitudinal dispersion coefficient (m
2
/sec.). 

H is the depth of flow (m). 

U is the velocity of flow (m/sec.) ( U = Q / A1 ). 
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SIMULATION MODEL  
 The computer program is an essential research tool used for performing computation of 

simulation model, it was mainly consists of two parts, the first part was used to perform the out 

flow rate of each cell by applying a water flow balance for each cell  

 

Q out = Q in + Q 2 – Q w + QP – QE '                                               (2) 

 

 The second part of the computer program was used to perform the computations of water 

quality model by applying multi-cells in serial by substitute the results of eq. (2) in the following 

equation: (Shanahan and Harleman, 1984). 

          An increase in the dispersion coefficient would make the peak concentration reach the outlet 

at a shorter time, and reduce the variation of the cells concentrations. 

 

 







  )( 2

3

1
22 CC

C

AD
CQCQ

dt

dC
V

L
out

                                  (3) 

 In order to keep the stability of the model , the calculation of pollutants of every record was 

done by divided the step into multi steps and calculate the concentration in each step , then the 

results were used as an initial concentration to the following step , and the computer program was 

calculated the concentration in the second cell in the same way by using the final step concentration 

from the first cell as an input concentration to the second cell and so on for all cells and records the 

results . 

This method depends on many assumptions, the main ones of which are:  

1- The water enters the cell or leaves it as a pulse at the start of the simulation time step. 

2- The resultant of inflow and outflow of cell across its boundary is uniformly distributed, so it 

would be at the same level in the cell at the start of the simulation time step. 

3- The cells volumes were remain constant. 

4- The concentration of pollutants in dropped rain and evaporated water are equal to zero. 

 

RESULTS AND DISCUSSION 

 1- The concentrations of the contaminants increase at the discharge points in the river and 

decrease in the other regions, due to the mixing with the river's water. 

      2- From the results of laboratory tests, the concentrations of the samples at stations 2, 5, 7, and 9 

were very high compared with the other stations, because they were collected from the stations at 

the river at the discharge of the sewage pumping stations (S1, S2, S3, and S4). 

3- The BOD5 and TDS concentrations at station (5) were higher than the other stations (2, 7, and 

9) because of the higher concentrations of the discharge sewage from (S2) than those from (S1, S3, 

and S4). 

      4- The BOD5 concentration levels increase at the river at the discharge points, Fig. (4) and (5), 

so they increase at distance 1.2 km by 350% of the acceptable limit , at distance 5 km by 420% of 

the acceptable limit, at distance 6.5km by 400% of the acceptable limit, and at distance 7.5 km by 

380% of the acceptable limit, then they decrease at the other regions, and at (7.8 km) they reach the 

allowable values. 

5- The TDS concentrations increase at the discharge points , these values were between (400 

ppm - 1100 ppm) so they were within the acceptable values (1000 ppm) except at station (5) it was 

reached (1100) ppm due to high TDS concentration in the discharge sewage from (S2) at (5 km). 
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6- Al-Karama water intake locate at (1.8 km) on the study region and Al-Wathba water intake 

locate at (4.8 km) on the study region,, at these stations BOD5, TDS are acceptable according to the 

allowable Iraqi standared . 

7-The results which obtained from that computer program were plotted as a model results, and 

the field results which obtained from the laboratory test were plotted as a field results in order to 

compare between the two results 

8- There are perfect results and a good agreement between measured and predicted results 

especially in November and March, due to the operation of the pumping stations with the designed 

discharge rate (Q2) during sampling period, while in some days the stations set at low discharge 

rate, so the field results were less than the model results on these days especially in February and 

April. 

Surfer program was applied to explain the contour map and vector map for model results, field 

results, and the comparison between them as a residual Fig. ( 7 & 8 ) . 

A contour map is a two-dimensional representation of three-dimensional data; the first two 

dimensions are the XY coordinates which refer to the cell number and the collecting time, while the 

third dimension Z is represented by lines of equal value which refer to the concentration. 

A vector map shows the direction and magnitude of data at points on a map; they are 

automatically generated from a single grid by computing the gradient of the concentration. At any 

given grid node on the map, the arrow points in the direction of the steepest ascent, the magnitude 

of the arrow changes depending on the steepness of the ascent.     

 

 CONCLUSIONS   

1- Results of laboratory tests the concentrations of the samples at stations (2, 5, 7, and 9) were 

very high (about six times for BOD5 and double for TDS) compared with the other stations, because 

they were collected from the stations in the river at the discharge of the sewage pumping stations 

(S1, S2, S3, and S4). 

 

2-There are good agreement between measured and predicted results, which confirms the 

validity of the selection of the pertinent specified. 

  

3-Field measurements on laboratory tests present that: 

 

* BOD5 concentration level are exceed the allowable Iraqi standards (40 ppm) in the river at the 

discharge points then they return to the acceptable values in the other points, and they reach the 

allowable Iraqi standard at (7.8 km) due to the mixing in the river. 

 

* TDS are within the allowable standard (1000 ppm) except in the position ( 5 ) at (5 km) it 

reached (1100 ppm) because of high TDS concentrations in (S2). 
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Fig.(7) BOD distribution 
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 Fig.(8) TDS distribution 
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List of Abbreviations 

 

Abbreviate Description 

BOD Biological Oxygen Demand 

Conc. Concentration 

DO Dissolved Oxygen 

E East 

Eq. Equation 

Fig. Figure 

N North 

ppm Part Per Million 

P.S. Pumping Station 

SPS Sewage Pumping Station 

St.no. Station number 

S1 (RQ) sewage pumping station 

S2 (T1) sewage pumping station 

S3 (M112) sewage pumping station 

S4 (M108) sewage pumping station 

T.D.S Total Dissolved Solids 

WL Water Level 
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List of Symbols 
 

Symbol 
Description Units 

A1 
 

The cross sectional area of the cell. 

 

m
2
 

A2 
 

The surface area of the cell. 

 

m
2
 

C 
 

Constituent concentration 

 

mg/l 

C2 
 

The concentration of completely mixing water at the 

final time step  

 

mg/l 

C3 
 

Distance from center of the cell to the center of the 

neighbor cell 

 

m 

E' 
 

Rate of evaporation from the cell surface 

 

mm 

P 
 

Rate of rain fall on the cell surface  

 

mm 

Q2 
 

Flow rate of the pumping sewage station 

 

m
3
/sec 
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Qin 
 

The in flow of water into the cell . 

 

m
3
/sec 

Qout 
 

The out flow of water from the cell . 

 

m
3
/sec 

Qp 
 

The flow of rain  

 

m
3
/sec 

Qw 
 

Withdraw flow of water pumping station 

 

m
3
/sec 

t 
 

Time 

 

sec. 

V 
 

The volume of the cell. 

 

m
3
 

 

 

QE ' 
 

The flow of evaporation 

 

m
3
/sec 
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SITE ASSESSMENT GUIDANCE A CASE STUDY (OUIREEJ 

SCRAP YARD) 
Jathwa A. Ibraheem 

 

 
 الخلاصة:

 ٍِ اىعَيٞبد اىشائجخ فٜ اىظنْبعخ اىعشايٞنخ ٍنا شا (  Scrap industry)طْبعخ اىسنشاة اطجحذ عَيٞبد اىزقطٞع ٗاىزفنٞل

رقطٞنع ٗرفنٞنل اٗ رفظنٞ   طنْبعخ  ٗلاسنَٞباىْن٘  ٍنِ اىظنْبعخ  ٍجبٍٞع ٍزخظظخ ٍِ الافشاد رخظظذ فنٜ ٍلنو ٕنزاْٖبك ف

ٍنِ  مَن٘اد اٗىٞنخ رنذ و فنٜ طنْبعبد ا نشٙ اٗ مَنبٕٜ باٍن لاعنبدح اسنزخذاٍٖباىعسنشٝخ ٗٗالاىٞبد اىَذّٞخ   الاحٖضح اىظْبعٞخ

 . لاه عَيٞبد ثٞع سائجخ ٗطيذ اعَبىٖب عجش اىحذٗد اىعشايٞخ

ٍنع اىسنٞبساد  رحَئ ٍِ ر بئش ٗاسنيحخ  ٍبٗ  يظ الاىٞبد اىعسنشٝخ اىَحزشيخ ٗاىَٖشَخ ٕ٘ اىجٞئخ ري٘سضٝذ ٍِ ٍخبطش ٍَٗب ٝ 

ٍٗنب رح٘ٝنٔ ٍنِ ٍن٘اد  اىعسننشٛ عٞظنْزىَْشنبد اىٍٗعنذاد  ٗثقبٝبٕنب ٍنِ عَيٞنبد اىزفخنٞ  ٗا ٖنضحاىَذّٞخ اىَحطَخ ٗاىَحزشينخ 

ٚ اىَفز٘حخ .ٗف بدسبحاى اىَيقبح فٜ ِ اىَخيفبد ربٕذ اسَبئٖب ٍْٗبشئٖب ٗا زيطذ اّ٘اعٖب فٜ  ضٌ اىَجَ٘  اىٖبئو ٍ مَٞٞبٗٝخ

  عيننٚ رنن٘فٞش اىَزطيجننبدا ٍقظنن٘ساىزشمٞننض  اطننج الاٍننِ ٗلاسننَٞب فننٜ ٍْننبطي اطننشا  ٝ ننذاد  ٗافزقننبدضنن٘ا اىظننع٘ثبد اىشإْننخ 

 ٍنْ  ا نبصح ٍش ظنخ أٗحذٝنذ اسنزخذاً الاسع،أٗ ر، بينع ّفسنٖااىَ٘ مبىسنٞطشح عينٚ اسنزخذاً  قنظف اىقظٞشح ٗاىَز٘سطخ اىَذٙ

 ٗاىلاىٞنبد اُ عَيٞنخ ثٞنع اىَخيفنبد اىَشنبثٖخ. ٗغٞشٕنب ٍنِ اىفعبىٞنبداىيزظش  ثبىَخيفبد ٍِ رقطٞنع اٗ ثٞنع  لاشخبص ٍحذدِٝ

ب ٗاُ رننٌ اعننبدح اىجٞئننخ سننَٞفبئننذرٖب فننٜ رْ ٞنن  ٍننِ  ٗعيننٚ اىننشغٌ ثعننذ رجَٞعٖننب فننٜ سننبحبد  بطننخاىَخزيفننخ  ٘اعٖننبثبىجَيننخ ثبّ

مَنب  عيٚ اىَذٙ اىقشٝت ٗلا اىَز٘سظ ىظع٘ثخ اىسنٞطشح عينٚ اىَ٘اينع لا ٍحيٞب رحقٞقٖب  ب ٍحذٗدح ٗلاَٝنِعَيٞ اسزخذاٍٖب  رجقٚ

يذ رنُ٘ غٞش ٍَنْخ   اُ عَيٞخ رْ ٞ  مبفخ سبحبد رجَٞع اىَخيفبد )اىسنشاة( ٍلو سبحخ رجَٞع اىسنشاة فٜ ٍْطقخ ع٘ٝشٝج

 اٝضب فٜ اى٘يذ اىحبضش .

ّزنبئج فحنض  د اىَذّٞنخ ٗاىعسننشٝخ ٗضنَِ ٍحبف نخ ث نذاد ٗا ٖنشدٗالاىٞنبَخيفنبد رٌ ا شاا رقٌٞٞ ثٞئنٜ لاحنذ ٍ٘اينع رجَٞنع اى

اسبسنٜ ٗ اىضٝن٘د اىَعذّٞنخ ٗ ثشننو  PCBs ة  اُ اىَ٘ينع ٍين٘س ثذس نخ ٍز٘سنطخٍِ اىَ٘يع ، اىَب ٘رح اىَبا ٗاىزشثخ عْٞبد 

ادد اىنٚ اسرفنب  ٍعنذلاد  اىعسننشٝخ ٍنع اىَذّٞنخ ٗالاىٞنبد  ٗاُ عَيٞنخ  ينظ اىَخيفنبداىْحبط ٗ اىشطبص ٗالاّزَُٞ٘ ٗاىضّنل 

  . اىخط٘سحاىزي٘س ٗ

منبُ ٗاسنع الاّزشنبس فقنذ رنٌ  PCBs ا ٖشد ّزبئج اىفح٘طبد اُ ٍسز٘ٝبد اىزي٘س فٜ اىَ٘يع ٗاطئخ ّسنجٞب، غٞنش اُ اىزين٘س ة

ٗمنزىل ا ٖنشد اىزحبىٞنو رين٘س اىَٞنبٓ  /g µkg 30ٗثين  اعينٚ رشمٞنض ىنٔ ٍنِ اطنو اثْزنٜ عشنشٍ٘يع  امزشبفٔ فٜ ثَبُ ٍ٘اينع 

 ثبىَعبدُ اىلقٞيخ ٗاىضٝ٘د اىَعذّٞخ.اىسطحٞخ فٜ اىَ٘يع ري٘س طفٞ  

 

 

ABSTRACT  

        Scrap metal export is currently one of the few thriving industries in Iraq. Looters and 

legitimate operators are together effectively demolishing many of the old industrial facilities in 

order to retrieve the metal contained in buildings, processes and storage equipments and 

vehicles. 

The mixing of civilian and military scrapping operations such as that occurring  at  

Ouireej is exacerbating the problem. The situation is particularly difficult for Iraq, given the 

rapid growth of the scrap industry and the lack of security.  

In view of the current difficulties, the focus was on practical short to medium term 

improvements such as controlling access to sites, land use zoning, licensing and export controls. 

The wholesale reform of the scrap metal industry to improve environmental practices, whilst 

desirable, is also probably not feasible in the short to medium term. The remediation of working 

scrap sites, such as Ouireej is also probably unfeasible at present. Laboratory analysis of shallow 
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soil detected contamination by PCBs, mineral oil and heavy metals, principally copper, lead, 

antimony and Zinc.  

The detected levels of all contaminants were relatively low.  But PCB contamination was 

relatively widespread, being detected in eight soil samples with a maximum concentration of   

23 μg/kg. Laboratory analysis of rainwater ponds on the site indicated marginal contamination 

by heavy metals and mineral oils 

 

KEYWORD  

Scrap, Military scrap, Ouireej, Site assessment, Contamination, Weapons of Mass 

Destruction (WMD), Risk. PCB 

 

 

INTRODUCTION  
      Iraq has significant legacy of contaminated and derelict industrial and military sites. Many 

facilities are unlikely to re-start operation but apportion of the sites in urban areas may be 

developed for other uses.  

       These sites have major problems with hazardous wastes but generally lesser problems with 

contaminated soil and water. In a minority of cases, the sites represent a severe risk to human 

health, specifically to site workers and trespassers (UNEP, 2005).   

      The background of conflict in Iraq since 1980 has also contributed to the environmental 

problems. As Iraq is a relatively industrialized country, with tens of thousands of industrial sites, 

it is considered too large and costly to address in a uniform manner, i.e. by assessing and 

cleaning up every site. 

       International experience (UNEP, 2005) indicates that whilst a large percentage of industrial 

sites may have ground contamination or problems with hazardous waste management, only a 

very small fraction represent such an immediate and grave threat to human health or to the 

environment that urgent action is warranted. To be most effective, efforts in Iraq should be 

focused on first identifying and addressing the most urgent cases.  

      Iraq is unique in that its industrial sites have been under some form of international 

monitoring and assessment since 1991, for military reasons. The 15-year search for weapons of 

mass destruction (WMD) covered potential chemical, biological and nuclear weapons research 

and manufacturing programs across Iraq.  

       The hundreds of contaminated sites through Iraq require characterization and assessment 

before remediation systems are designed and implemented. In some cases, no clean up maybe 

the best alternative to protect public health and the environment. Nonetheless, the complexity of 

contaminated sites requires a multiphase assessment process in which the sites are identified, 

screened, and characterized. 

 
 

SCRAP METAL INDUSTRIES           
        Although scrap yards are recognized worldwide as important source of water pollution, 

land contamination and hazardous waste (Watts, 1997), yet military scrap and scrap yards in 

Iraq present a number of additional hazards (ISEPI, 1994) including: 

 Explosion and fire risks from munitions 

 Unusual concentration of toxic chemicals (e.g. each T72 tank contains up to 150 liters of 

pure polychlorinated biphenyls PCB ) 

 Asbestos (again from tanks and military vehicles) 

 Depleted uranium (DU) fragments in destroyed tanks and vehicles 

        Separation of military and civilian scrap operation could reduce the scale of the problem. 

The great majority of scrap metal generated is linked to civilian vehicles and derelict industries. 
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Within the military scrap category, a large amount (such as trucks, building materials) does not 

represent any additional hazard over civilian scrap. These materials could be left to the civilian 

scrap industry. 

 

SITE ASSESSMENT GUIDANCE 
  

Assessment strategy 

      The assessment strategy for the scrap yard industry needs to address the issues of location 

and prioritization (ISO/IEC 17025, 1999). 

 Location. The number and position of all scrap yards in Iraq dealing with military 

equipment is unknown. There is no central register and many operations are 

small and temporary in nature.  

 Prioritization. The list of physical and chemical hazards associated with scrap yards is 

long. It can be assumed that environmental conditions within the scrap yards are 

very poor and likely to remain so until an organized system of environmental 

regulation is implemented. Before this occurs, any comprehensive assessment 

and cleanup work is likely to be wasted effort as ongoing scrap yard operations 

will simply continue to contaminate the areas in which they work. 

      The recommended activities for scrap yards site assessments are as follows:  

Site mapping project: The objective of site-mapping project is to broadly understand the 

contamination situation within and immediately surrounding the site. Detailed assessment of the 

surface waters, soil, and groundwater over all of the sites is excluded on the grounds of scale. 

Enquiries and escorted site visits should be able to establish the overall location and pattern of 

contamination sources on the site. In particular, the number and types of military vehicles should 

be estimated and counted. The density of vehicles/scrap should be estimated, by counting the 

number within defined areas say 50m by 50m. The results of the survey should be developed as 

a series of maps with accompanying notes on the activities and materials involved. Some very 

limited general sampling of soil and water is recommended to obtain a general idea of the 

composition and peak concentrations of the contamination. 

Military vehicle area survey: The objective of the survey is to obtain detailed data on the 

actual environmental conditions immediately surrounding stored and dismantled military 

vehicles. The survey should focus on the ground surface within 25m of the target vehicle. 

Scrapped military vehicles, particularly tanks, should not be entered due to the multiple risks 

from  depleted uranium (DU), unexploded ordnance (UXO), asbestos, and chemicals. 

Local watercourse survey: Watercourses on or very close to the major scrap yards should be 

assessed for contamination migrating offsite. In this case, sediment sampling is as important as 

water sampling as PCBs will mainly be found in the sediments. 

 
 

GENERAL GUIDANCE 

 

Investigation techniques: Efforts should be focused on non-intrusive sampling (i.e. avoid 

extensive digging). Surface soil samples can be taken by hand. Open watercourses can be 

sampled by hand. For intermittent watercourses such as storm water drains, sediment sampling 

may be useful (Watts, 1997). 
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Sample analysis techniques: The wide range of chemicals potentially present means that 

sample analysis should also be wide ranging. The following laboratory analyses and analyses 

suites are recommended (ASTEM, 2004): 

 pH and alkalinity 

 Aluminum 

 Heavy metals including Vanadium 

 Uranium 

 Volatile Organic Compounds (VOCs)  by GC MS 

 Total Petroleum Hydrocarbons by GC and IR ( both methods) 

 Nitrogen compounds - Total Nitrogen, Oxides of Nitrogen , Ammonium, 

 Inorganic ions - Chloride, phosphate, sulfate, calcium, magnesium, salinity, conductivity 

 Polar organics - alcohols and glycols and poly chlorinated biphenyls (PCBs). 

         On site, testing is suitable for pH, surface water parameters, and volatile organics. VOCs 

such as toluene can be tested onsite using a Photo-lionization Detector. 

 

Hazardous material sampling: The main objective of the hazardous material sampling 

programme is to obtain an accurate assessment of the type of hazardous waste disposed at the 

site. In particular, visible oils and oily stains should be sampled to test for PCBs from the 

scrapping of military vehicles (watts, 1997). 

 

Water monitoring and sampling:  The objectives of the water monitoring and sampling is to 

obtain an indication of the mobility of the contamination in the water phase in any standing 

water on site or in drains leading from the site (ISO/IEC 17025, 1999).. 

Water monitoring and sampling will be located using the list of Assessment Target Areas. For 

monitoring, use the Troll 9000 for all samples. Avoid putting the Troll 9000 into any pools of 

chemicals, as this will damage it (UNEP, 2005). 

 

 

CASE STUDY (SCRAP YARD OF OUIREEJ):          

 
           Ouireej is one of the largest military scrap yards in Baghdad. It s location is about 20 km 

to the west of Baghdad, in the alluvial plain southwest of the River Tigris. The region is under 

the responsibility of Al-Rasheed municipality   (figure 1). It used to be an open land intended to 

be distributed to create a living zone. After the conflict, the land turned to be an open landfill, or 

a scrap yard collecting solid waste and hazardous wastes  

          The site was allocated as one of the main dumping and processing sites for military scrap 

arising from the conflict of the subsequent destruction of the Iraq arsenal, scrapped in an 

uncontrolled manner, resulting in localized contamination, potential to affect surface and 

shallow soils, surface water (drainage ditches flow to Tigris) and shallow groundwater.  

The principal source of hazards is the open dumping of highly toxic chemical wastes and 

the dispersal of such wastes by looting, demolition, or weather.  

The site was damaged or in an environmentally poor condition due to either looting, fire, 

conflict or poor operating practices. At the peak of activity, the site held hundreds of items of 

potentially hazardous military hardware including tanks missiles, yet it still containing 

unexploded ordnance and hazardous chemicals.  

Two people were reportedly killed, by explosions and by poisoning, in the uncontrolled 

scrap metal recovery operations that occurred over the period mid 2003- early 2005 (UNEP, 

2005). The surrounding land use is a mixture of industrial residential and agricultural. There are 

some houses on and adjacent to the site. The margins of the site also appear to be used for 
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dumping of construction debris. The site is very sparsely occupied and there is a great deal of 

vacant or unused land. 

Site assessment strategy: The work was carried out over the period January 2004 to July 2005 

in Iraq, with support activities in Jordan, Switzerland, and United Kingdom. The assessment 

strategy for the site was as the assessment of the whole site in moderate detail, with detailed 

assessment of the numerous hotspots and any standing water. 

 

Assessment target areas and contaminants: The key assessment targets approach was to 

divide the site into 9 general zones as follows: 

                        

 North 

1. Northwest 

 

2. North 3. North East 

 

4. West 

 

5. Central 

 

6. East 

7.SouthWest 

 

8.South 

 

9.SouthEast 

 

                                South 

      

 In addition to the 9 general zones there were three items which required individual assessment: 

10. The new housing onsite 

      11. The standing water (ponds) 

 12. External control points. 
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Fig. 1 Ouireej yard location (UNEP, 2005) 

         

 

Overview of techniques: The following techniques were used on the site; 

1. Soil sampling 

2. Hazardous material sampling 

3. Water sampling 

      Sampling on site was of soils, hazardous materials, and waters from wells and ponds where 

applicable. Hand auger equipment and hand tools such as trowels were used to collect soil and 

hazardous material samples. Drum keys, grounding wires, hand pumps, disposable bailers and a 

flap gouge auger was used, to take representative samples of the contents of barrels and 

containers for identification through off-site laboratory chemical analysis. Disposable bailers 

were used to sample groundwater from wells, and disposable plastic containers were used, 

where appropriate, to take samples from standing water bodies, sumps, and tanks, logged, and 

packed for export by air fright to the international laboratories. 

        Water quality was tested onsite with the Troll 9000. Probes were used to measure pH, 

temperature, dissolved oxygen, and oxygen-reduction potential. Soil vapor was measured using 

Photo Ionization Detector (PID) for detection of volatile organic compounds. 

 
Chemical analysis: Samples were exported via airfreight and analyzed at three commercial 

analytical laboratories in the United Kingdom. Alcontrol laboratory in Chester, united Kingdom, 

carried out the standard analysis and coordinated the specialist analyses (Tables 1a, 2a, 3a and 

4a in appendix A). Alcontrol is accredited to the ISO 17027 standard (ISO/ IEC 17025, 1999).  
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         There is no Iraqi legislation or guidance material regarding acceptable levels of risk from 

hazardous waste or contaminated land. Existing formal standards from the UK (ASTEM, 2004), 

USA, Australia and the Netherlands were considered suitable as initial guidelines but are also 

considered to be generally too stringent and therefore too costly to be implemented in Iraq at 

present. International standards such as the WHO drinking water standards (WHO 1998) are 

relevant mainly as end –user standards rather than directly applicable to contaminated land.  

        For safety reasons samples with potentially high concentrations of cyanide or organic 

mercury were unsuitable for the standard process of quartering grinding and acid digestion. 

       Hazardous samples were dispatched to London Scandinavian Metallurgical Company Ltd. 

for elemental analysis by x-Ray Fluorescence spectroscopy (XRF) and X-Ray Diffraction 

(XRD). Samples for organic mercury were dispatched to Mountain Heath Service laboratory for 

specialized treatment and analysis. 

Iraq has no screening system   so an appropriate substitute was needed. The systems used 

for this project were the current (National Environmental Protection Australian Council 

Schedule B1 and B7a, 1999) and Dutch (Netherlands Government Gazette, 2000) standards and 

accompanying guidance. For the Australian system, the Health Investigation Limits A were used 

for soil screening and the ground water Investigation Limits (drinking water) were used for 

waters. These values represent the levels above which contamination is considered significant 

enough to warrant further investigation and assessment. For the Dutch system, the soil 

remediation intervention values were used as terms of references  

More general terms (A. Richard and P.E. Conway, 1982) are used as follow: 

1. Uncontaminated- Any contamination, if detected, is below the selected 

international standards 

2. Slightly contaminated- Contamination is present, but in limited volumes and at 

concentrations limited to 1-10 times the selected international standards 

3. Moderately contaminated- Contamination is present, in limited volumes and at 

concentrations 1-100 times the selected international standards 

4. Heavily contaminated- Contamination is present in large volumes and over large 

areas and at concentrations, which can exceed 100 times the selected international 

standards. 

  
Site Assessment activities: Ouireej site was visited for general fact-findings, Table 3 details 

sampling and monitoring activities of the April and May 2005 site visits. 

   
 

Table 1 Site assessment activities 

Sample type/ activity Number of samples or points 

Soil 148 

Waste chemicals 10 

Surface water 3 

Ground water 6 

 
 

FINDINGS 

          Although hazardous wastes are present on the site, they are not present as large discrete 

stockpiles, but scattered as fragments, barrels, and small piles. The most common type of waste 

appears to be scattered burnt residues from uncontrolled burning of the non-metallic parts of the 

scrapped vehicles.  

Shallow soil contamination is present at numerous points throughout the site, as 

evidenced by encrustations of metal oxides, oil stains and discolored ground. Laboratory 
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analysis of shallow soil detected contamination by PCBs, mineral oil and heavy metals, 

principally copper, lead, antimony and Zinc.  

The detected levels of all contaminants were relatively low. PCB contamination was 

relatively widespread, being detected in eight soil samples with a maximum concentration of  23 

μg/kg. Laboratory analysis of rainwater ponds on the site indicated marginal contamination by 

heavy metals and mineral oils. In summary, the limited sampling indicates that: 

1. The site in its current state represents a moderate risk to human health, primarily to 

site workers, and to site residents. 

2. The principal toxicity risk was from direct contact with, and inhalation of 

chemicals in the process of transporting, cutting, sorting and burning the scrap. 

3. Explosion and fire risks from UXO present on the site were expected but could not 

be quantified. 

4. The mixing of civilian and military scrapping activities increased the scale of the 

problem 

5. The observed house building on a working military scrap yard site with UXO risks 

is creating new risks and issues. 

 
 

CONCLUSIONS 

      The scrap operations on site reached a peak in late 2003 and throughout 2004 and that the 

amount of scrap on site at time of investigation (June 2005) represents only 25% of the original 

volume. The scrapping operations apparently closed down due to a combination of dwindling 

economic return and pressure from the municipalities. The site in its current state represents a 

moderate risk to human health, principally to site workers, but also to site residents, and the 

mixing of civilian and military scrapping activities is increasing the scale of the problem. 

 

RECOMMENDATIONS 

        The recommendations, in summary, are : 
1. To separate the military and civilian operations and the residential development to 

mitigate the obvious risks of combining all these land uses. Separation of the 

hazardous military scrap from other material by relocation.  
2. Secure fencing would be a simple but cost effective method for reducing the risk of 

exposure for most site workers and all of the nearby residents.  

3. Maintenance of this separation would need to be enforced by commercial means, e.g. 

only one contractor is allowed to deal with military scrap and is paid to manage the 

issue.  
4.  The current building of new houses in the scrap yard area should be stopped or managed 

to include land re-zoning and site cleanup prior to redevelopment.  

5. In the longer term, national, strategies, policies, legislation, and enforcement are 

needed for hazardous waste management and contaminated land. There is currently 

no specialist technical capacity in Iraq to take any quick corrective action on highly 

hazardous waste. This would need to be developed prior to conducting any such works. 

A new hazardous waste treatment and disposal facility should be built for mainly 

inorganic wastes with most organic chemical wastes being incinerated in a nominated 

cement plant furnace. 
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ACRONYMS 

 

BTEX: Benzene, Toluene, Methylbenzene, and Xylem  

DRO: Diesel Range Organics 

DU: Depleted Uranium  

EPH: Extractable Petroleum Hydrocarbons       

GCMs: Gas Chromatography Mass Spectrometer 

GRO: Gasoline Range Organics     

IR: Infra Red                                           

ISO: International Standards                         

PCBs: Poly Chlorinated Biphenyls            
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PID: Photo Ionization Detector 

SVOCs: Semi Volatile Organic Compounds 

UXO: Unexploded Ordinance             

VOCs: Volatile Organic Compound       

WMD: Weapon of Mass Destruction                                

XRD: X-Ray Diffraction            

XRF: X-Ray Fluorescence spectroscopy  
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Appendix 1 

 

 

Table 1a Summary of Laboratory analyses for soils 

 
Metals ( all results in mg/kg) No. of 

samples 

analyzed  

No. 

detected 

above 

MDL 

   All concentration mg/kg 

Minimum 

detected 

concentrations   

Maximum 

detected 

concentrations 

Arsenic 50 50 4 19 

Beryllium 50 0 < < 

Cadmium 50 3 3 11 

Chromium 50 50 49 138 

Copper 50 50 13 1738 

Mercury 50 0 < < 

Nickel 50 50 65 209 

Lead 50 50 6 1291 

Antimony 50 50 3 55 

Selenium 50 0 < < 

Silver 50 0 < < 

Thallium 50 0 < < 

Zinc 50 50 41 1381 

Hydrocarbons and VOCS (μg/kg unless stated) 

EPH (DRO)(C10-C40)(mg/kg) 49 42 7 118679 

GRO (C4-C10) 13 1 < 44 

GRO ( C10-C12) 13 0 < < 

Benzene 13 0 < < 

Toluene 13 2 4 44 

Ethyl benzene 13 1 < 2 

M & P xylene 13 1 < 10 

O xylene 13 1 < 3 

MTBE 13 0 < < 

PCBs (all results in μg/kg) 

Total of 7 congener PCBs 29 8 1 23 

SVOCs (all results in μg/kg) 

Anthracene 18 2 121 352 

Benzo(a)anthracene 18 1 < 326 

Benzo(a)pyrene 18 0 < < 

Benzo(ghi)perlyene 18 0 < < 

Benzo(k)fluranthene 18 0 < < 

Chrysene 18 1 < 1841 

Fluranthene 18 2 185 233 

Indeno(1/2/3-cd)pyrene 18 0 < < 

Naphthalene 18 2 215 1400 

Phenathrene 18 4 271 2096 

Pyrene 18 3 145 890 

2-methylnaphthalene 18 1 < 2025 

Bis(2-ethylhexyl)phthalate 18 6 919 13118 
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DNn-butyl phthalate 18 2 3192 7209 

SVOC TICs ( all results in mg/kg) 

C14-c24 Hydrocarbons 5 3 13.2 93.3 

C12-C30 Hydrocarbons 5 1 < 60778.4 

C14-C30 Hydrocarbons 5 1 < 6341.5 

Other parameters (mg/kg unless stated) 

Calcium 14 14 37530 66630 

Magnesium 14 14 9330 16300 

Potassium 14 14 1579 10619 

Sodium 14 14 3614 22317 

Bicarbonate alkalinity as CaCO3 14 14 89 874 

Sulphate SO4 (mg/l) 14 14 3126 115500 

Acid soluble sulphide 5 0 < < 

Chloride 13 13 2100 43908 

Acid soluble carbonate (%) 14 14 18.47 35.23 

pH 17 17 7.21 8.38 

Total sulphur (%) 5 5 0.12 1.38 

Asbestos 17 0 < < 

 

 

Table 2a Screening process for soils 

 
Metals ( all results in mg/kg) Dutch 

criteria 

for soils 

No. of 

samples 

exceeding 

Dutch 

criteria 

 

Australian 

criteria for 

soils 

No. of 

samples 

exceeding 

Australian 

criteria 

Arsenic 55 0 100 0 

Beryllium 30 0 20 0 

Cadmium 12 0 20 0 

Chromium 380 0 Nc 0 

Copper 190 2 1000 1 

Mercury 10 0 15 0 

Nickel 210 0 600 0 

Lead 530 3 300 2 

Antimony 15 2 Nc 0 

Selenium 100 0 Nc 0 

Silver 15 0 Nc 0 

Thallium 15 0 Nc 0 

Zinc 720 3 7000 0 

Hydrocarbons and VOCS (μg/kg unless stated) 

EPH (DRO)(C10-C40)(mg/kg) 5000 5 5600 5 

GRO (C4-C10) nc 0 nc 0 

GRO ( C10-C12) nc 0 nc 0 

Benzene 1 0 nc 0 

Toluene 130 0 nc 0 

Ethyl benzene 50 0 nc 0 
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M & P xylene 25 0 nc 0 

O xylene nc 0 nc 0 

MTBE nc 0 nc 0 

PCBs (mg/kg) 

Total of 7 congener PCBs 1 8 10 3 

SVOCs (all results in μg/kg) 

PAH sum of 10 40 0 nc 0 

Chlorophenols 10 0 nc 0 

Chlorobenzenes 30 0 nc 0 

Phthalates 60 0 nc 0 

SVOC TICs ( all results in mg/kg) 

C14-c24 Hydrocarbons Nc 0 nc 0 

C12-C30 Hydrocarbons Nc 0 nc 0 

C14-C30 Hydrocarbons nc 0 nc 0 

Other parameters (mg/kg unless stated) 

Sulphate SO4 (mg/l) nc 0 2000 14 

Acid soluble sulphide nc 0 nc 0 

Asbestos nc 0 nc 0 

 

 

Table 3a Summary of laboratory analyses for waters 

 
Metals ( all results in μg/l) No. of 

samples 

analyzed  

No. 

detected 

above 

MDL 

    

Minimum 

detected 

concentrations   

Maximum 

detected 

concentrations 

Arsenic 3 3 20 83 

Beryllium 3 0 < < 

Cadmium 3 1 < 6.3 

Chromium 3 3 3 11 

Copper 3 3 4 27 

Mercury 3 0 < < 

Nickel 3 3 17 62 

Lead 3 2 3 38 

Antimony 3 2 13 13 

Selenium 3 3 38 203 

Silver 3 0 < < 

Thallium 3 1 < 2 

Zinc 3 3 21 7258 

Hydrocarbons and VOCs (μg/l unless stated) 

EPH (DRO)(C10-C40)(mg/kg) 3 2 898 1950 

GRO (C4-C10) 2 0 < < 

GRO ( C10-C12) 2 0 < < 

Benzene 2 0 < < 

Toluene 2 0 < < 

Ethyl benzene 2 0 < < 

M & P xylene 2 0 < < 

O xylene 2 0 < < 
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MTBE 2 0 < < 

SVOCs (all results in μg/l) 

Anthracene 3 0 < < 

Benzo(a)anthracene 3 0 < < 

Benzo(a)pyrene 3 0 < < 

Benzo(ghi)perlyene 3 0 < < 

Benzo(k)fluranthene 3 0 < < 

Chrysene 3 0 < < 

Fluranthene 3 0 < < 

Indeno(1/2/3-cd)pyrene 3 0 < < 

Naphthalene 3 0 < < 

Phenathrene 3 0 < < 

Other parameters (mg/l unless stated) 

Calcium 3 3 852 1868 

Magnesium 3 3 1051 5869 

Potassium 3 3 93 690 

Sodium 3 3 12188 18375 

Carbonate alkalinity as CaCO3 3 0 < < 

Bicarbonate alkalinity as CaCO3 3 3 160 370 

Sulphate SO4 (mg/l) 3 3 4307 15019 

Chloride 3 3 6489 >40000 

pH 3 3 7.73 8.14 

 

 

Table 4a Screening Process for waters 

 
Metals ( all results in μg/l) Dutch 

criteria 

for 

ground 

water 

No. of 

samples 

exceeding 

Dutch 

criteria 

 

Australian 

criteria for 

ground 

waters 

No. of 

samples 

exceeding 

Australian 

criteria 

Arsenic 60 1 7 3 

Beryllium 15 0 nc 0 

Cadmium 6 1 2 1 

Chromium 30 0 nc 0 

Copper 75 0 2000 0 

Mercury 0.3 0 1 0 

Nickel 75 0 20 1 

Lead 75 0 10 1 

Antimony 20 0 3 2 

Selenium 160 1 10 3 

Silver 40 0 100 0 

Thallium 7 0 nc 0 

Zinc 800 1 3000 1 

Hydrocarbons and VOCS (μg/l unless stated) 

EPH (DRO)(C10-C40)(mg/kg) 600 2 nc 0 

GRO (C4-C10) nc 0 nc 0 
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GRO ( C10-C12) nc 0 nc 0 

Benzene 30 0 1 0 

Toluene 1000 0 800 0 

Ethyl benzene 150 0 300 0 

M & P xylene 70 0 600 0 

O xylene nc 0 nc 0 

MTBE nc 0 nc 0 

SVOCs (all results in μg/l) 

Anthracene 5 0 nc 0 

Benzo(a)anthracene 0.5 0 nc 0 

Benzo(a)pyrene 0.05 0 nc 0 

Benzo(ghi)perlyene 0.05 0 nc 0 

Benzo(k)fluranthene 0.05 0 nc 0 

Chrysene 0.2 0 nc 0 

Fluoranthene 1 0 nc 0 

Indeno(1/2/3-cd)pyrene 0.05 0 nc 0 

Naphthalene 70 0 nc 0 

Phenathrene 5 0 nc 0 

Other parameters (mg/l unless stated) 

Chloride nc 0 250000 0 

  

nc:Not detected. 
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PERFORMANCE EVALUATION OF THERMAL STORAGE 

POROUS WALL WITH VENTS USING PASSIVE SOLAR ENERGY 
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ABSTRACT 

The performance of thermal storage porous wall with vents (gravel material) is analyzed for 

passive solar heating system under Baghdad climatic conditions by comparing it with conventional 

wall (Concrete wall) for a variety of control strategies. The variation has been calculated during a 

period of heating season for three months from December (1999) to February (2000) by using 

computer simulation with MATLAB language (Ver.6.5). A mathematical model containing the 

governing differential equations of heat transfer through the wall and glazing under unsteady heat flow 

was performed by using “control volume” technique to obtain the temperature distribution within the 

wall. The study was carried out for a south facing vertical wall and the effect of different thicknesses, 

porosities, effect of insulation and glazing layers and effect of vents was also investigated.  

 الخلاصة

جذاس اىخضُ اىحشاسي اىَساًٍ رو حهىٌت )ٍادة اىحصى( بالاسخخذاً اىسيبً ىيطاقت اىشَسٍت ححج اىظشوف اىَْاخٍت ىَذٌْت  أداءحٌ ححيٍو 

ٍىسٌ اىخسخٍِ  أثْاء. حٌ حساب اىخغٍشاث اىَسٍطش ػيٍها الإسخشاحٍجٍاثىؼذد ٍِ  اد بَقاسّخه بجذاس حقيٍذي ٍصْىع ٍِ اىنىّنشٌجبغذ

حٌ  (.5.6)اىْسخت  MATLABاىحاسىب وبَساػذة ىغت  باسخخذاً( ٠٢٢٢غاٌت شباط ) إىى( ٩١١١) الأوهوىثلاد شهىس ٍِ ماّىُ 

لاّخقاه اىحشاسة خلاه اىجذاس و اىضجاج باػخباس أُ سشٌاُ اىحشاسة ٍخغٍشة ٍغ اىضٍِ ورىل  مَتاىخفاضيٍت اىحاحنىٌِ اىَؼادلاث 

اىذساست ػيى جذاس ػَىدي واخٌز  , حَجباسخؼَاه طشٌقت حذػى "اىحجٌ اىَسٍطش" ىيحصىه ػيى حىصٌغ دسجاث اىحشاسة خلاه اىجذاس

 ش وضغ ػاصه ىٍيً وحأثٍش وجىد اىخهىٌت خلاه اىجذاسبْظش الاػخباس أسَاك وقٌٍ ىيَساٍٍت ٍخخيفت, إضافت إىى حأثٍ

KEYWORD 

 Thermal storage, Passive solar, Trombe wall, Porous wall 

INTRODUCTION 

Passive solar  heating systems , collect  and  utilize solar energy  by  natural  means   and   

generally   exclude   the  use   of mechanical power or electric  controls to regulate the flow of heat. 
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The thermal energy is transferred in and out of the structure, in and out   of the storage medium and 

around it, and through the conditioned space by natural means. 

A passive  solar  heating system has four  features that  distinguishes it from  a  conventionally  

heated  one , since  the sun  is  a  primary source of heat ,a passive solar design includes (Ralph 1980)  : 

 A method to collect solar energy. 

 A way to store that energy. 

 A system to release energy in the form of heat to the living space "room". 

 A means for controlling the heat that reaches the living spaces. 
(Nayak 1983) developed a mathematical model to analyze the thermal performance of some typical 

passive heating concepts, mainly the Trombe wall. The model yields analytical expression for the time 

dependent heat flux entering the living space. (Aung 1972) investigate the effect of asymmetric heating 

on the free convection heat transfer in parallel plates vertical channel. The average Nusselt number was 

found to be related to the Rayleigh number very nearly by a universal curve for all temperature 

difference ratios. The theoretical results were verified by experimental measurement. 

(Ohanessian 1978) perform a comparative analysis between Trombe wall and conventional heated 

house over atypical 28 day Melbourne winter period. Saving of 40 percent interims of energy of energy 

costs was obtained. (Casperson 1979) provided experimental information regarding the heat transfer 

characteristic of the collector wall system. The data collected provided some usful information and 

interested trends. 
 

THERMAL STORAGE BY POROUS WALL 

The type of thermal storage wall can be divided into three kinds: 

1. Masonry wall. 

2. Water wall. 

3. Porous wall. 

To formulate the mathematical model of this problem, one dimensional heat flow has been 

considered, and homogeneous layer with constant properties has been assumed (Al Mashat S M 1999). 
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Fig. 1. Schematic of Wall Energy Balance  

The energy equation through the porous wall layers shown in Fig. (1) Can be written as 

(Warren 1973) 

                                         (1) 

Where Ke is the thermal conductivity of thermal storage porous wall. 

The differential equations can be changed to discretization equations by using a numerical method 

called “Control Volume Technique”. Details of this method explained by reference (Patanker 1980). 

This by integrating equation (1) over a control volume as shown  in Fig. (2)and over a time interval 

from t to t+Δt, yield to discritization equation. 

 

 

 

 

 

 

Fig. 2. Grid point cluster for one dimensional problem 
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Equation (1) can transfer to the following discretization equation by which the temperature of point P 

the center of the control volume as in Fig. (2) at time t+Δt can be calculate in term of temperature at 

time t in the adjacent points. 

  
pwepwweep

1

p TaaaTaTaTa                                          (2) 
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For the outside surface of the porous wall as shown in Fig. (1), the discretization equation of energy 

balance: 

bTaTaTaT]aaaa[Ta 22gRaa12Ra1

1

11                       (3) 
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For the inside surface of the wall shown in Fig. (1), the discretization equation of energy 

balance can be written as: 

  
rRr11N1NNR11NN

1

NN TaTaTaTaaaaTa            (4) 
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The discretization equation for the glass layer can be written as follows: 

 bTaTaTaT]aaaaa[Ta AaskyRogRwaRog

1

gg  



     (5) 

Where 
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 The average air temperature in the gap Ta can be computed from the energy balance on air in 

the gap (Akbarzadeh 1982): 
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 And the exit air temperature from the air gap can be computed from the following equation : 
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 It is necessary to estimate the air mass flow rate  m . The mass flow rate can be 

calculated by the following equation: 

Va AVm                                                                                       (8)  

    The mean air velocity in the gap  V  has been estimated (Duffie 1980) by a solution of 

Bernoulli's equation. This based on the assumption that density and air temperature in the gap vary 

linearly with height of the wall  H  . So the average velocity through the gap can be determined from 

the following equation (Akbarzadeh 1982): 

m

rm
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2
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1
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Hg2
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












                                  (9)                                    

Where Tm is the mean air temperature in the gap=Ta 

The wall layers are divided to strips, each strip equal to 1 cm (Δx=0.01m). The time step is equal to 

100 s to satisfy the criteria of stability (Patanker 1980). The discretization equations (2-5) are solved 

for each time step. Hour by hour calculation for a period of heating for three months (Dec.1999 to 

Feb2000) under Baghdad climatic conditions. 

 The heat transfer to the room for vented thermal storage porous wall is calculated from the 

following equation: 
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CRRC QQQQ                                                                  (10) 

Where QC and QR are heat flux due to convection and radiation respectively: 

  
rNiC TThQ                                                               (11) 

  4

r

4

NwR TTQ                                                              (12) 

The rate of heat flux that enters the room due to air circulation (QCR)  

can be computed as: 

 
inout

p

a

CR TT
A

Cm
Q 


                                                     (13)  

The rate of heat per unit area stored in the wall (QSR) can be calculated from: 
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





                    (14)     

 

RESULTS AND DISCUSSION 

 The results of the mathematical model that is derived in the previous section will be presented 

and discussed. The hourly variation for solar intensity on the south facing vertical wall and ambient 

temperature data are taking from the solar energy research center, Jaderia-Baghdad.the porous wall 

having dimension equal to 2.8m height and 2.5m width, 0.04 vent area to the wall area ratio. The air 

gap width equal to 0.1 m. the solar intensity for clear and cloudy day on the wall is shown in Fig. (3). 

The  and  February was chosen to represent the cloud and clear days respectively in this study.     

Fig. (4) and (5) show the hourly variation of the rate of heat flux transferred to the living space “room” 

during a selected clear and cloudy day. The living space assumed to be at a constant temperature equal 

to 20 ºC. The hourly variation of the rate heat flux studied for the following cases: 

1. Vented porous wall without night insulation (VPORWN). 

2. Unvented porous wall without night insulation (NVPORWN). 

3. Vented Concrete wall without night insulation (VCONWN). 

4. Unvented Concrete wall without night insulation (NVCONWN). 

For clear day Fig. (4), for Concrete wall, there is a positive heat flux to the room during the day. 

But for unvented wall the heat flux due to heat conduction through the wall starts to increase at (9 

A.M.) till it reach the maximum value at (5 P.M.) which have the value equal to 192 W/m². While for a 

vented wall system, the heat flux is due to conduction through the wall in addition to thermo-

circulation, so it start rising from (8 A.M.) till (3 P.M.) where its maximum value is about 225 W/m². 

So in the case of vented system there is about 23% increase in heat gain through the heat period over 
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that of unvented system. It is therefore evident that wall with natural air circulation construction is only 

useful when immediate heat transfer, i.e. without delay required. 

For wall that is constructed from porous material (gravel), its behavior is the same as that of 

Concrete wall .but its values of heat flux are relatively small than the Concrete wall. For unvented wall 

the heat starts to increase in (9 A.M.) and reach its maximum value at (5 P.M.) and its value equal to 

177 W/m². And for vented wall start to increase at (8 A.M.) and reach the maximum value at (3 P.M.) 

which equal to 210 W/m². So there is an increase for vented system to unvented one by a 20%. And the 

Concrete wall is 7% higher than porous wall in transferring heat flux, this is because the porous wall 

having specific heat value greater than that for Concrete wall, so the porous wall having the ability to 

store the heat instead of transfer the heat to the living space. 

For cloudy day, Fig. (5) illustrates the hourly variation of heat flux coming into the room. For all 

compared systems, there is a negative heat flux transfer to the room during most of the day hours. This 

is means that there is a heat loss from the room to the ambient. So it causes more auxiliary heat 

required during cloudy whether to compensate the energy loss. There is a positive value of heat flux 

coming to the room at the beginning of the day, i.e. in the morning hours, from (0 A.M.) to (7 A.M.) 

hour for unvented systems (Concrete and porous wall), this is because the heat store in the wall from 

the last day discharged to the room in the beginning of the present day. And to (10 A.M.) for vented 

systems, this is due to additional heat from the thermo-circulation which delays the negative value of 

heat flux. The Concrete wall appears a relatively increase in heat flux coming to the room than that of 

porous wall.  

The rate of heat storage in the wall is equal the difference between heat received by the wall 

from the sun and heat transfer out of the wall from both side by convection,  radiation and by thermo-

circulation for vented wall system. The storage heat depends mainly on the material and thickness of 

the wall. So three different thicknesses for porous wall of 0.1m, 0.15m and 0.2m are compared with 

0.2m thickness of Concrete wall,  

Figs. (6) to (7) illustrate the variation of heat stored in the walls for different thicknesses for 

vented and for clear and cloudy day. Fig.(6) shows the hourly variation of heat stored through different 

wall systems, for clear day with walls having vents, Fig. (6) shows that Concrete with thickness 0.2m 

having approximately the same behavior and the values of heat stored in porous wall with thickness 

0.1m. For other porous wall thicknesses, the heat stored in 0.15m is a 3-9% greater than porous wall 

with thickness 0.1m and Concrete wall with thickness 0.2m. The wall which having a thickness of 0.2m 

is 8-15% greater than that of porous wall with 0.1m thickness and Concrete wall with thickness 0.2m. 

This is because the specific heat for gravel is greater than that for Concrete. The behavior of storage 

heat is the same for all systems. The wall starts to be charged with heat. I.e. becomes positive at about 

(7 A.M.) for all system except that for 0.2m porous wall which starts to charges at (6 A.M.). The 

system still charged until reach the maximum value at (2 P.M.) which equal to 470 W/m² for porous 

wall with thickness 0.2m. and then begin to discharge heat to the ambient through the sunset until reach 

the minus value. 
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CONCLUSIONS 

1. The heat flux that enters the room for concrete wall is greater than that in the case of using a porous 

wall. 

2. The heat stored in the case of porous wall is greater than that of concrete wall. 

3. The heat stored in the wall increases with increasing thickness of the porous wall. 
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NUMENCLATURES: 

A  Area (m²) 

AP  Projected area (m²) 

AV  Vent area (m
2
) 

C  Specific heat (J/kg.K) 

g  Acceleration of gravity (m/s²) 

H  Wall height (m) 
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 Distance between vents (m) 

h  Heat transfer coefficient (W/m².K) 

I  Solar intensity (W/m²) 

K  Thermal conductivity (W/m.K) 

L  Wall thickness (  Air mass flow rate in the gap (kg/s) 

QC  Rate of heat flux due to convection (W/m²) 

QCR  Rate of heat flux due to thermo circulation (W/m²) 

QR  Rate of heat flux due to radiation (W/m²) 

QSR  Rate of heat stored in the wall (W/m²) 

q  Rate of heat flux (W/m²) 

T  Temperature (K) 

T
°
  Temperature at time t (K) 

T
1
  Temperature at time t+Δt (K) 

Tm  Mean air temperature in the gap (K) 

V   Mean air velocity in the gap (m/s) 

w  Width of the wall (m) 

x,y  Coordinates 

GREEK SYMBOLS  

   Absorbtivity  

   Density (kg/m³) 

   Porosity 

   Emmisivity 

   Stefan-Boltzman constant (W/m².K
4
) 

   Transmissivity   
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SUBSCRIPTS 

A  Air 

Cond  Conduction 

Conv  Convection 

f  Fluid  

g         Glass 

i  Inside 

in  Inlet 

N  Inside wall face 

o  Outside 

out  Outlet 

P  Center point 

r  Room 

rad  Radiation 

s  Solid  

v  vent 

w  Wall 

1  outside wall face 
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Fig. 3.  Solar intensity on wall for clear and cloudy day. 
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Fig. 4.  Heat flux for Concrete and porous wall without night insulation (clear day). 
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Fig. 5. Heat flux for Concrete and porous wall without night insulation (cloud day). 
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Fig. 6.  Comparison between Concrete wall and different thicknesses porous wall heat stored 

with vents (clear day). 
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Fig. 7.  Comparison between Concrete wall and different thicknesses porous wall heat stored 

with vents (cloud day). 
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ABSTRACT 

A new method for generation and simulation of meshing for involute helical gears is presented. The 

approaches proposed for generation are based on the imaginary application of two rack-cutters one 

for pinion and the other for gear generation. The proposed simulation of meshing of aligned and 

misaligned helical gears gives (i) the shift of the bearing contact (real contact path) on pinion and 

gear tooth surfaces, (ii) the function of transmission errors. 

    

 الخلاصة

أستندت  التقريبات المقترحة لمتوليدالعدلة قد تم عرضها ذات الجانبية  لمتروس الحمزونية توليد و محاكاة التعشيقجديدة ل ةقيطر 
لمتروس الحمزونية  محاكاة التعشيق المقترحة مترس الكبيرخرى لالصغير و الألمترس داتي قطع تخيميتين واحدة عمى تطبيق أ

نتقال في موقع التماس )مسار التماس الحقيقي( عمى سطح سن الترس الصغير و الترس تعطي )أ( الأمة نتظالمنتظمة و غير الم
   .الأخطاء المنقولة الكبير )ب( دالة

 

KEYWORDS 

 Helical gear; Gear generation; Gears Meshing; Simulation of Gears; Bearing Contact.  

 

INTRODUCTION 

A review of the history of the development of involute gears shows that the involute was introduced 

as a profile for gear tooth on account of the simplicity in deign and manufacture of gears having 

these profiles, also the involute teeth not sensitive to slight errors in profile and center distance 

(Avinash et. al., 2003). (Kubo, 1988) presented a general calculation method of load sharing to 

every tooth pair in meshing, load distribution, and contact pattern on tooth flank of helical gears 
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with manufacturing and alignment error, for which some parts of tooth flanks on the geometrical 

line of contact can separate from each other due to the errors. For such gears, stiffness of meshing 

tooth pair, exciting force of gear vibration, and total composite error under loaded conditions was 

derived.  (Litvin et. al, 1995) described the design and generation of modified involute helical gears 

that have a localized and stable bearing contact, and reduced noise and vibration characteristics.  

(Litvin and Fan, 2001) covered the data on involute helical gears manufactured by shaving. 

Modification of geometry of helical gear with parallel axis was proposed. The finishing process of 

gear generation is shaving. (Litvin and Ignacio, 2003) covered design, generation, simulation of 

meshing and stress analysis of modified involute helical gears. The approach developed for 

modification of the conventional involute helical gears was based on conjugation of double- 

crowned pinion with a conventional helical involute gear. The bearing contact was localized and 

oriented longitudinally, and edge contact was avoided. Also, the influence of misalignment on the 

shift of bearing contact, noise and vibration were reduced. 

       In order to drive in a given direction and to transmit power or motion smoothly and with a 

minimum loss of energy, the contacting surfaces on the mating gears must have the following 

properties (Dudley, 1962):- 

1. The height and the lengthwise shape of the active profiles of the teeth must be such that, 

before one pair of teeth goes out of contact during meshing, a second pair will have picked 

up its share of load. 

2. The shape of the contacting surfaces of the teeth (active profile) must be such that the 

angular velocity of the driving member of the pair is smoothly imparted to the driven 

member in the proper ratio. 

3. The spacing between the successive teeth must be such that a second pair of tooth-

contacting surfaces (active profiles) is in the proper positions to receive the load before the 

first leave mesh. 

 

BASIC PRINCIPLES OF GENERATION 

          The process for gear generation is based on the followings (Litvin et. al, 1997):- 

1. The generation of tooth surfaces is based on the imaginary derivation of conjugate 

surfaces by application of two rack-cutters. The surfaces of the two rack-cutters are 

rigidly connected each to other in the process of the imaginary generation, and they are 

in tangency along one straight line as shown in Fig. (1). This line and axes of the gears 

form a helix angle (β).  
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2. In the process for the generation, the two rigidly connected rack cutters perform 

translational motion, while the pinion and gear perform rotational motions about their 

axes, O1 and O2. 

3. Surfaces of gear and pinion (Σ1 and Σ2) determined as the envelope to the family of rack 

cutter surfaces.  

4. When the generated surfaces Σ1 and Σ2 are in mesh, their will be one contact point at 

every instant. The path of contact on surfaces Σi (i =1, 2) is the set of points of Σi where 

Σ1 and Σ2 contact each other. Such a path of contact is a helix, and the contact point 

moves in the process of meshing along the helix on Σi. 

 

 

 

 

 

 

 

 

 

 

 

 

DERIVATION OF PINION TOOTH SURFACE:- 

The normal section of pinion rack cutter is shown in Fig. (2) The profile of the basic tooth of the 

rack cutter in the normal section is symmetric about xcp. 

 

 

 

 

 

 

 

  

 
Fig.(2):- Normal section of pinion rack cutter. 

Fig. (1):- Rack cutter surfaces for involute helical gears. 

 

Σc 

Σf 

Ocp 

 
ycp 

xcp 



M. Q. Abdullah                                                                                                        generation and simulation of  

 M. A.Ismael                                                                                                           meshing  for involute helical gears 

 

 3473 

The normal section of the pinion rack cutter is represented in the coordinate system Scp by the 

equations (Litvin et. al, 1997):- 
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  The rack cutter tooth in the three dimensional system can be defined by Sc coordinate system as 
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The unit normal to the pinion rack cutter surface is represented as: 
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To derive the equation of meshing between pinion rack cutter and pinion tooth surfaces, it is 

considered that the movable coordinate systems Sc and S1 are rigidly connected to the tool (pinion 

rack cutter) and the pinion, respectively. The fixed coordinate system Sn is rigidly connected to the 

frame of the cutting machine. The derivation of equation of meshing is based on the theorem that 

the common normal to Σc and Σ1 must pass through the instantaneous axis of rotation (Litvin, 

1989). Thus  
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
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                                                              (5)  

where                     Xc =0   and    11pc RY                                 

Using Eq. (5) the equation of meshing can be represented as: 

                                                0),,( 1 ccuf                                                                           (6) 

where 1  is the angle of rotation of the pinion in the process for generation. 

After transformation, the following equation of meshing can be obtained 

0
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                                  (7) 

Finally, the generated surface of the pinion Σ1 is represented by the family of lines of contact 

between the rack cutter surface Σc and the pinion tooth surface Σ1 being generated. Surface Σ1 is 

represented in coordinate system S1 by the equations: 

),(),,( 111 cccncncc lurMMlur  ,          0),,( 1 cc luf                                                      (8)            

where  
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Thus 
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DERIVATION OF GEAR TOOTH SURFACE: 

The normal section of gear rack-cutter is shown in Fig. (3). The profile of the basic tooth of the 

rack-cutter in the normal section is symmetric about xcf. 

                              

 

 

 

 

 

 

 

 

By using coordinate system Scf, the normal section of gear rack-cutter can be represented by the 

following equations (Litvin et. al, 1997):- 
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Hence,  100)( ffb uur  T
, fu is the variable parameter and cfbM is the matrix of 

coordinate transformation from Sb to Scf that is  

Fig. (3):- Normal sections of  gear rack cutter. 
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The derivation of gear rack-cutter tooth surface in the three dimensional system may be accomplish 

similarly to that for pinion rack-cutter, and the following vector equations in Sf coordinate system 

can be obtained:  
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The unit normal to the gear rack-cutter surface Σf is: 
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The equation of meshing can be derived in similar manner to that of Eqs. (5) and (7), thus 
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Where Xf = 0 and Yf =Rp1ψ1  

After transformations, the following equation of meshing between Σf and Σ2 can be obtained 
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                                               (14) 

 Finally ,the generated gear tooth surface Σ2 is determined as the envelope to the family of rack-

cutter surfaces Σf and is represented in coordinate system S2 as 

)(),( fcffcffff urMlur 
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Fig. (4) shows a sample of three teeth generated by the equations mentioned above using Ansys 

computer program.  

 

 

  

                                                                  

 

 

 

 

                                           Fig. (4):- Sample of three teeth generated.  
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SIMULATION OF MESHING: 

Computerized simulation of meshing is applied to discover the influence of misalignment on the 

shift of the bearing contact and transmission errors. The misalignment of the gear drive is simulated 

by the error of installation and orientation of the gear with respect to the pinion. 

The theoretically correct tooth form is defined by the parameters tooth alignment, tooth profile, 

tooth spacing and center distance. 

 

SIMULATION OF MESHING FOR INVOLUTE HELICAL GEARS:- 

Consider that surfaces Σ1 and Σ2 and their unit normals n1 and n2 are represented in coordinate 

systems S1 and S2, which are connected to the pinion and gear, respectively. The meshing of the gear 

tooth surfaces is considered in the fixed coordinate system Sf that is rigidly connected to the frame. 

The auxiliary coordinate systems Sq and Sp are used for simplification of coordinate transformation. 

     The simulation of meshing is based on the following procedure (Litvin and Ignacio, 2003) and 

(Litvin et. al, 1997):- 

Step1: Using coordinate transformation, we represent Σ1, Σ2, n1 and n2 in the fixed coordinate 

system Sf as following Fig. (5). 
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Fig. (5):- Applied coordinate system for simulation of meshing.  
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Step2: By using Sf coordinate system, the condition of continuous tangency of gear tooth surfaces 

can be represented by the following vector equations (see Fig. (6)):- 
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Step3: Vector Eq. (21) yields only two independent equations since 1)2()1(  ff nn . So,  Eqs. (20) 

and (21) provide a system of five independent equations represented as 
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Eq. (22) contains six unknowns but the theorem of Implicit Function System Existence yields that 

one parameter, say 1 , may be chosen as input and obtain the solution to equation system (22) by 

functions 
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     The gear tooth surfaces are in point contact, and so that it is suppose that the Jacobian of the fifth 

order differs from zero. Thus, 
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Fig. (6):- Tangency of contacting tooth surfaces in ideal gear. 
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If Eqs. (24) are satisfied then, using functions (23) we are able to determine: 

(i) the path of contact on surfaces Σ1 and Σ2 represented as  

 ),( iti ur      , )( 1tu     , )( 1 i                                                                (25) 

          where (i =1, 2 and t =c, f) for pinion and gear, respectively. 

(ii) the transmission errors determined as  

                                    1

2

1
1212 )()( 

N

N
                                                                    (26) 

CONCLUSIONS: 

1. Generation procedure based on equations of tooth surfaces has been conducted. 

2. Algorithms for simulation of meshing indicates that such gear drives are sensitive to 

misalignment. 

3. Simulation of meshing permits one to determine the shift of the bearing contact and 

transmission errors. 

   

NOMENCLATURES: 

ca           Parabolic coefficient of profile of pinion rack cutter.                                                                                                                                    

                     

C
1
          Denote that the functions have continuous derivatives to the first order, at least. 

 

E'        Center distance between gear and pinion (m). 

 

f         Equation of meshing between tooth surface and rack-cutter surface.                                                                                                   

 

lj ,uj            Parameters of surface (j = c, f) (m). 

 

mn              Module in normal plane (m). 

 

Ni               Number of teeth on pinion (i=1) or for gear (i = 2).         

     

jn , j

fn , jN  unit normal and normal to surface j (j = c, f). 

                       

Pn               Normal diametral pitch (1/m). 

 

ri                 Position vector of a point in coordinate system Si (mm).  

 

Rpi              Radius of pitch circle of pinion (i = 1) or for gear (i = 2) (m).  

 
Si             Coordinate system (i = cp, b, c, n, 1, 2, cf, p, f).                       

 

(xi, yi, zi)  Coordinates (i =cp, c, 1, 2, cf, f, p) (mm). 
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 n
          Normal pressure angle (deg).    

 

β              Helix angle (deg).                

 

Δγ            Error of shaft angle (deg). 

 

Δ 2          Function of transmission errors (deg). 

 
            Denotes that the element belongs to the set.     

                       

Ψi           Angle of rotation of pinion (i = 1) or the gear (i = 2) in the process of generation (deg).      

 

Σi   Surfaces (i = c, f, 1 , 2) .                                                     

 

i           Function of transmission errors (deg) (i = 1, 2).  
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EXPERIMENTAL PERSPECTIVE ASSESSMENTS FOR A 

PROPER REFRIGERANT ALTERNATIVE TO R-22 IN A 

WINDOW-TYPE AIR CONDITIONING UNIT 
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                College of Engineering                                                                       College of Engineering 

               Mech. Eng. Department                                                                     Mech. Eng. Department 

                   Baghdad-Iraq                                                                                          Baghdad-Iraq 

ABSTRACT 

  The present research is concerned with the future phase-out of halocarbon types of refrigerants 

used in the vapor compression refrigeration systems. A window-type air conditioner is selected for 

the tests to be conducted with two different refrigerants. It is well known that these cooling units are 

wide spread in their applications and are circulating R-22 as a refrigerant. It is intended to replace 

this type of refrigerant by another type which is considered to be as environmental friendly 

refrigerant for smooth operation. The refrigerant selected for this object was R-407C for its 

favorable thermal properties and acceptable pressure and temperature ranges. The effect of 

replacing this refrigerant as a substitute on the performance of the cooling unit was studied. The 

performance characteristics comprise of cooling capacity ( ), power consumed by the 

compressor ( ) and the coefficient of performance (COP) of the air conditioning unit were 

obtained.  The results showed that the pressure ratio of the R-407C for a proper operation was 

higher than that of the R-22 by a mean value of (13) %. The power consumed per ton of 

refrigeration by the unit when circulating R-407C was about (19) % greater than the R-22 values 

for the whole range of tests. Further, the experimental work has revealed that the actual COP of the 

unit was reduced by (17) % when circulating the alternative R-407C for the test conditions. The 

results also showed that this alternative for the present refrigerant with existing cooling unit requires 

the attention to the mass flow rate of refrigerant circulated and the pressure and temperature ranges 

throughout the system. 

KEY WORDS 

Refrigeration, Alternatives, R-22, Window Type, Air Conditioning, R-407C 
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في وحدة تبريد هواء  22-وجهة نظر لتقييم تجريبي لاستخدام مائع تثليج مناسب بديلاً لفريون

 من النوع الشباكي

 ةصلاالخ

يٓزى انجحث انحبني ثبلإيقبف انًسزقجهي لاسزخذاو يٕائغ انزثهيج انٓبنٕكبرثَٕيخ ٔانزي يذخم في رزكيجٓب انكيًيبئي انغبساد    

بنٕجيُيخ في يُظٕيبد انزجزيذ ألإَضغبطيخ. نقذ رى اخزيبر يكيف ْٕاء يٍ انُٕع انشجبكي لإجزاء انزجبرة انؼًهيخ ٔنًبئؼي رثهيج انٓ

( كٕسيظ نهزجزيذ. نقذ Freon-22يخزهفيٍ. ٔيٍ انًؼزٔف إٌ ْذِ انٕحذاد ٔاسؼخ الاَزشبر ثبلاسزخذاو ٔرؼًم ثٕاسطخ رذٔيز )

ثهيج قهيم انزأثيز انسهجي ػهٗ انجيئخ ٔنّ انقبثهيخ ػهٗ رشغيم انٕحذح ثصٕرح طجيؼيخ. نقذ ٔقغ الاخزيبر كبَذ انزغجخ ثبسزخذاو يبئغ ر

نجحث انحبني َظزاً نًب يزًيش ثّ يٍ يٕاصفبد حزاريخ يفضهخ ٔنّ انقبثهيخ نهؼًم يُبست خلال ا( كجذيم Freon-407Cػهٗ )

انزأثيز انُبرج يٍ اسزخذاو ْذا انًبئغ ػهٗ أداء ٔحذح ركييف انٕٓاء  ثًذيبد يقجٕنخ يٍ حيث درجخ انحزارح ٔانضغظ. رى دراسخ

انطبقخ انًسزٓهكخ يٍ قجم انضبغظ ’ (زضًٍ حسبة كلاً يٍ حًم انزجزيذ )ر دراسخ الأداء نٕحذح انزجزيذإٌ يٕضٕع انجحث. 

 (.COP( ٔيؼبيم الأداء ))

( ٔنؼًم يسزقز Freon-407Cإٌ َسجخ انضغظ ثيٍ جبَت انذفغ ٔانسحت نهضبغظ نًبئغ انزثهيج ) نقذ ثيُذ انُزبئج نٓذِ انذراسخ   

(. انطبقخ انًسزٓهكخ نكم طٍ 31% ( كًبئغ نهزثهيج ٔثًؼذل )Freon-22ٔيُبست نهٕحذح كبٌ أػهٗ يًب ػهيّ في حبنخ اسزخذاو )

( ٔنكم يذٖ انزجبرة انحبنيخ. Freon-22ب نحبنخ )( يٍ يثيهزٓ% 19( كبَذ أػهٗ ثًقذار )Freon-407Cرثهيج ثبسزخذاو )

( ػجز Freon-407C( ػُذ رذٔيز )% 17ثبلإضبفخ نذنك فبٌ انُزبئج انؼًهيخ قذ ثيُذ ثبٌ يؼبيم الأداء نٕحذح انزكييف قم ثًقذار )

انزذفق  لزطهت الاْزًبو ثًؼذيُظٕيخ انزجزيذ. كًب ٔثيُذ انذراسخ انحبنيخ ثبٌ انجذيم انًقززح ػُذ اسزخذايّ في يُظٕيبد انزجزيذ ي

 ٔيذيبد انضغظ انزشغيهي ٔدرجخ انحزارح ػجز انًُظٕيخ.

INTRODUCTION 

    For nearly sixty years, chlorofluorocarbons (CFCs), have been widely used as solvent, foam 

blowing agents, aerosols and specially refrigerants due to their preeminent properties such as 

stability, non-toxicity, non-flammability, good thermodynamic properties and so on. However, they 

also have some disadvantages of harmful effect on the Earth's protective ozone layer known as 

ozone depletion potential (ODP). Subsequently, it was discovered that (CFCs) also contributed 

significantly to the global warming potential (GWP). The reputation, reliability and maintainability 

of equipment normally improves with age, but this has not been true when it comes to refrigeration 

field. The (1990) Clean Air Act amendments imposed new regulations with landmark dates that 

industry was unable to meet. So stop gap solutions and lack of time to do research and development 

have resulted in a lack of standards and poor information. 

    The direct replacement of R-12 with the pure refrigerant R-134a has been experienced much 

earlier and an excellent knowledge has been performed in the retrofit for the old machines. The 

phase out of R-22 as working medium in refrigerating equipments and heat pumps began in the late 

of 1990s with terminating of their new installation and manufacturing throughout Europe. The new 

working fluids for the alternative of R-22 are zoetrope refrigerants introducing further difficulties 

for the prediction of the cooling unit characteristics behavior during smooth operation. 

  The most attractive thermal properties of refrigerant that have significant effect on the 

performance of the vapor compression refrigeration system are the critical temperature and the 
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molar heat capacity as pointed out by (McLinden, 1987) and (Domanski, 1999). (Meurer et al., 

1999) compared the performance of R-22 and R-410A for elevated condensing temperature up to 

(60) ˚C. They have found that the variation of the (COP) of the system depends on the level of the 

condensing operating temperature of the refrigerant circulated. (Lee et al., 2000) investigated the 

performance of mixture refrigerants alternatives for the R-22. They compared the coefficient of 

performance, COP, the volumetric capacity of refrigeration, VCR and capacity for the alternatives 

R-407C and R-410A with those of R-22. Their results showed that R-410A exhibited very close 

COP to that of the R-22 within (3%) for the same pressure ratio. R-407C gave lower COP than that 

of the R-22 by (9%). Motta and (Domanski, 2000) simulated a number of binary and ternary 

mixtures as alternatives for the use of R-22 when working in elevated outdoor temperatures. Their 

results showed that fluids with a low critical temperature experience a large degradation of cooling 

capacity, while rate of compressor power increase is similar for all fluids. Johansson and 

(Lundqvist, 2003) presented a qualitative and quantitative literature survey for the alternatives for 

R-12 and R-22 used in Sweden refrigeration industry. 

  Other trend of investigations was devoted to study the effect of replacing the alternatives on the 

working components of the existing system.  For this category, the reader is referred to the work 

published by (Kuelh, 1987), (Kim, 1993), (Wolf et al., 1995), (Sami and coworkers, 1998 and 

2000). (Sami et al., 2005) studied the use of R-407C, R-410A and R-410B in addition to the R-22 

for a good range of pressure and mass flow rate for three different sizes of capillary tubes. Their 

results showed that the pressure drop across the capillary tube is significantly influenced by the 

diameter of the capillary tube and the entering refrigerant conditions. Further, the pressure drop 

decreases with the increase of the capillary diameter and that alternatives in general experience 

higher pressure drop than that of R-22. 

EXPERIMENTAL APPARATUS: 

    The test apparatus selected for this project was a two refrigeration tons window-type air 

conditioner cooling unit manufactured by (LG) commercial company. The overall physical external 

dimensions of the cooling unit are (62 × 72 × 41) cm, (LG Company Manual, 1999). The overall 

dimensions and characteristic specification of the evaporator and condenser are shown in Table 1. 

The air conditioner is using a capillary tube as expansion component made of copper tubing having 

four equally length paths of refrigerant with a geometrical dimensions of diameter of (3) mm and 

length of (80) cm each. A typical tube circuiting for the refrigerant circulating path through the 

evaporator and condenser for a window type air conditioner is shown in Fig. 1. The tube layout 

arrangement for the test evaporator and condenser of the air conditioning unit is shown in Fig. 2. 

    The experimental rig is shown schematically in Fig. 3. Two (6) mm stainless steel sheath 

thermocouples of (J) type are installed at the entering and leaving sides of the capillary tube. These 

temperature sensors are used to measure the temperature at the exit and inlet lines of the evaporator 

and condenser refrigerant paths respectively. The temperatures at the suction and discharge sides of 

the compressor were measured by fixing a temperature sensor at the pipe surface delivering the 

refrigerant. The pressure throughout the air conditioner was measured by the application of two 

pressure gauges in the range of (-1 to 18) bar for the low side and (-1 to 38) bar for the high 

pressure side. These gauges were installed at the inlet and exit sides of the all of the components of 
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the cooling unit. The manufacturer equipped the air conditioner unit with a single reciprocating 

compressor. 

    In the present work, the pressure drop of the refrigerant flowing through the evaporator and 

condenser heat exchangers were also considered. The air side measurements were only conducted 

for the dry and wet bulb temperatures at the inlet and exit sides of both heat exchangers. The air dry 

bulb temperatures were measured by using a digital thermometer of the (K) type and the wet bulb 

values measured using the wet cotton wick at the bulb of a mercury glass thermometer. The 

thermocouples for the temperature measurements were calibrated against a mercury glass 

thermometer and showed an accuracy of about (0.1%). Further, the refrigerant side pressure gauges 

were also calibrated and exhibited an accuracy of about (0.2%). 

TEST PROCEDURE: 

    On commencing of the tests, the air conditioner was allowed to operate for at least (10) minutes, 

which is the time required to approach the steady state conditions. The steady state was considered 

to be established when the temperature and pressure all around the cooling unit to be stable with 

time. This was achieved by the reading indications of the temperature sensors and pressure gauges 

for the refrigerant circulated. After that establishments, the temperature and pressure measurements 

were recorded all around the selected ports in the cooling unit. The data was collected for different 

operating conditions to assure the reproducibility of the measurements and to detect any variation in 

the environment effects. These tests were carried out for different ambient conditions concerning 

the air dry bulb and wet bulb temperatures. This was done to show the effect of ambient condition 

variation on the performance of the air conditioning unit. 

   After, finishing the tests with R-22, the unit was discharged, cleaned, evacuated, and kept under 

(2) bar vacuum followed by recharging with the suggested alternative R-407C. The  proper amount 

of refrigerant required for circulation was limited by the allowable pressure of the cooling unit. 

Since, the alternative is assumed to work with the same heat exchangers and compressor, then the 

allowed volumetric flow rate of refrigerant that passing through the unit will be limited by that of 

the R-22 value. This refrigerant amount was limited by the suction pressure of the compressor 

corresponds to a value close to (70) psig. The expansion component of the cooling unit comprises 

of copper capillary tube was used with the same length and inner diameter.  

DATA REDUCTION  

    The measured operating conditions were used for the prediction of the air conditioner 

performance including the power consumed, refrigerating effect and condenser load calculated per 

unit mass of refrigerant for both tested refrigerants. Further the measure for the performance 

characteristics, the COP was predicted from the above parameters. The refrigerant thermal 

properties for both fluids were obtained from the published tables presented by (ASHRAE 

Handbook, 1997). 

   The refrigerating effect achieved by the cooling unit through the evaporator can be expressed as: 
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The amount of the R-22 refrigerant circulated through the air conditioner was obtained from the 

known cooling capacity of the unit in the form: 

                                                                                                            (2) 

Where 

                                                                                      (3)  

  Equation (2) was also used to predict the R-407C refrigerant mass flow rate circulated through the 

unit. The volumetric flow rate of air circulated through the cooling coil, evaporator is the same as 

that of the R-22 circulating case. 

   It is worthwhile to mention here that the air conditioner capacity is not necessary to have the same 

value as that of the manufacturer for R-22. However, the air mass flow rate passing through the 

evaporator and condenser coils are still constants and having the same values as those provided for 

the R-22 case. The manufacturer manual reveals that the maximum indoor and outdoor circulating 

air rates are (12) m
3
/min and (26) m

3
/min respectively. 

   The work rate done by the reciprocating compressor may be estimated per unit mass of refrigerant 

from: 

                                             

The air conditioner condenser load is estimated by: 

                                           

   At the exit of the condenser, the liquid enthalpy was calculated from the knowledge of the 

pressure and temperature as measured during the experiments. This liquid may be at sub-cooled 

condition depending on the measured condition. The enthalpy of the refrigerant mixture leaving the 

capillary tube was considered to be equal to that of the entering liquid to capillary tube. Here, the 

process was assumed to be isenthalpic through the capillary tube as deduced from the first law of 

thermodynamics. 

Finally, the coefficient of performance of the cooling unit was obtained from: 

                                         

   For the purpose of comparison between the refrigerants performance used in the present work a 

new parameter is suggested to be used having the expression: 
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This parameter represents the ratio of the work rate between the alternative R-407C and the original 

circulating refrigerant R-22.  The parameters predicted from eq. (7) are to be based on the physical 

values required per ton of refrigeration. Another parameter can be defined for the COP comparison, 

that is the coefficient of performance ratio, COPR. This represents the ratio of COP of the R-407C 

to that of the R-22 in the form: 

                                         

This expression may be estimated for both of the isentropic compression and actual cycles. 

 EXPERIMENTAL RESULTS AND DISCUSSION: 

     It is of the beneficial object to highlight some important aspects of the present work in this 

category. The following points should be considered: 

i- The same air conditioner was used which means that the heat exchangers and compressor 

capacities are limited to those of the R-22 case. This will limit the heat transfer area, pressure 

ratio and power consumed for the alternativ0e to those available of the existing equipments.  

ii- The tube circuiting for the evaporator and condenser were unaltered. Therefore, the thermal 

characteristic parameter, (UA), is limited to that of the R-22 refrigerant condition. In other 

words, the R-22 characteristic value will be the controller of the operation for the alternative 

performance.     

    The above will impose some restrictions for the allowable mass flow rate of the alternative 

refrigerant R-407C circulating through the air conditioning unit and operating conditions. The 

pressure ratio of the compressor and its volumetric displacement are the controller for the charging 

amount of the refrigerant R-407C. Further, the physical geometry of the available heat exchangers 

control the heat transfer rate through the air conditioner.       

     A typical measured results of the tests conducted during the circulation of R-22 and R-407C are 

shown in Tables 2 and 3 respectively. The data presented in these tables show the temperature and 

pressure measurements at the selected points through the cooling unit. The final results for the tests 

when circulating the refrigerants R-22 and R-407C are shown in Tables 4 and 5 respectively for the 

test conditions considered in the present study. In these tables the followings were considered to 

exist: 

a- The (IMPC) represents the cycle in which the suction and discharge pressures were 

considered to be the mean value at the entering and leaving sides of the evaporator and 

condenser respectively. The condenser load and the compression work rate were calculated 

for the case of the isentropic compression for the refrigerant. 

b- The (AMPC) represents the cycle at which the calculation of the performance was based on 

the actual measured pressure for all of the selected ports throughout the cycle.  
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     The actual and isentropic (p-h) diagrams for the R-22 and R-407C circulating refrigerants are 

shown in Fig. 4. Here, the dotted lines represents the isentropic mean pressure cycle (IMPC), 

whereas the solid lines express the actual measured pressures cycle (AMPC). The actual measured 

air side conditions for both of the evaporator and condenser of the cooling unit obtained during the 

tests are shown schematically on the psychrometric chart in Fig. 5. All the performance assessment 

of the present work was based on a (12) m
3
/min of indoor air circulation, (LG Company Manual, 

1999).     

REFRIGERANT R-22 TESTS: 

     It is clear that the actual apparent compression of the compressor is lower than that of the 

isentropic value due to the friction losses and heat losses during the operation of the compression 

process. The final results for the actual measured data obtained for the cycle (abcd), Fig. 4.a, are 

shown in Table 4.b.  In this table, the power consumption, , during the operation of the unit 

was estimated from the measured values of the current and voltage of the power supply. During the 

steady state conditions, the current was ranged between (11.2) and (11.4) amperes while the voltage 

was almost constant at (220) volts. 

                                                                                       (9) 

In which the power factor (cos φ) was assumed to be (0.94) according to the manufacturer manual. 

   The isentropic compression through the compressor is higher than that of the actual compression 

for all of the tests conducted in the present work. The ratio of the actual to that of the isentropic 

compression, , expressed mathematically as: 

                                                                  (10.a)   

is ranged between (69) and (91) % for the whole range of the test conditions as shown in Table 4.b. 

The efficiency of the actual compression is defined as: 

                                                                                                         (10.b)   

    This parameter shows the ability of the unit to make advantage of the power input to the 

compressor. This parameter revealed that the actual useful work of the unit was ranged between 

(41) and (52) %. These values were lower than those of the isentropic compression where (ηcs) was 

ranged between (53) and (65) %. Clearly, this was due to the irreversibility of the compression 

process where it has a deviation from the ideal behavior. 

     The measured pressure ratios (pr) of R-22 tests were ranged between (3.73) and (3.84) as shown 

in Table 2.a and the COP of the cooling unit was ranged between (3.8) and (4.3) when the 

calculation based on the (IMPC) mode, Table 4.a. The corresponding actual values based on the 

consumed power (AMPC) was ranged between (2.2) and (2.5), Table 4.b, as estimated from: 

                                                                                                  (10.c) 
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    It is obvious that the (IMPC) has higher coefficient of performance than that of the (AMPC) for 

the whole range of the test conditions to be within the range of (36-47) %. This reveals that the 

actual compression operating process follows a path different from that of the constant entropy 

process on the (p-h) diagram. Further, the useful work for compression in the latter mode of 

calculation was lower than that of the former mode which represents the expected behavior for the 

irreversible process mode through the compressor. 

   The measured parameters for the air side of test number (1) are shown schematically on the 

psychrometric chart in Fig. 5.a. Here, the process throughout the evaporator exhibited almost a 

straight horizontal line revealing a major part of the cooling load to be a sensible heat only, process 

line no. (2). As the usual operation process through the condenser in which it exhibits a sensible 

load only, line no. (2) represents the air side process on the psychrometric of test no. (1).  

  Fig. 6 shows the (IMPC) and (AMPC) performance variables variation with the cooling unit 

capacity. These variables include, the power consumption per ton of refrigeration, COP, condenser 

load, power consumed and the calculated work rate of the compressor. The last column of Table 4 

represents the estimated condenser air flow rate for both of the modes of calculations. It is obvious 

that the actual required air flow rate for (AMPC), Table 4.b, was higher than that of the ideal 

(IMPC) cycle, Table 4.a, by a range of (10-15) %. This was due to the increasing load required for 

the condenser as a result of the higher power required to run the compression unit. 

Refrigerant R-407C Tests: 

    All of the above parameters were calculated for the alternative refrigerant R-407C applying the 

same relations and modes of the considered category of the estimation procedure. The (p-h) 

diagram of both of the (IMPC) and the (AMPC) results are shown in Fig. 4.b for test number (1) 

presented in Table 3.a for the refrigerant side of the cycle. The air side processes are presented 

schematically on the psychrometric chart in Fig. 5.b for both of the evaporator and condenser heat 

exchanger sides of test no. (1). 

   For all of the tested pressure ratio conducted using this refrigerant, the isentropic useful work was 

higher than that of the actual compression due to the irreversibility of the compression process. The 

(ηca) values were ranged between (44) % and (55) %, Table 5.a, whereas, the corresponding values 

of the (ηcs) were within the range of (47 - 56) %, Table 5.b. The isentropic coefficient of the 

performance exhibited a range of (3.8 – 3.9) with a mean value of (3.86). The corresponding values 

for the actual cycle (AMPC) were in the range of (1.60) to (2.16) having a mean value of (1.79) 

which lower than that of the (IMPC) by (53) %.  The trend of the data showed almost constant 

power consumption for the tested cooling load capacity in this work, Fig. 7.a. The actual COP 

showed an increase when the cooling unit load was increased, Fig. 7.b. It was observed that the 

power consumption per ton increases with load reduction. This was also noticed during the tests 

when circulating R-22 as shown in Table 4.b. 
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RESULTS ASSESSMENT: 

      For the purpose of comparison of the results, Table 6 was prepared for the ratios presented in 

eqs. (7 & 8) for the (AMPC) and the (IMPC) cycles. These results based on a mean values of the 

predicted variables of Tables 4 & 5. It is useful to construct the following argument about the 

experimental assessments of the present work: 

i- The data showed that the coefficient of performance of the R-407C refrigerant was lower 

than that of the R-22 results for both modes of calculations. Moreover, the COPR was 

ranged between (0.94) and (0.83) for the (IMPC) and (AMPC) modes respectively. This 

means that the COP of the unit was lower for the R-407C than that of the R-22 circulating 

refrigerant. 

ii-  Accordingly, the power consumed per ton of refrigeration, WRRcons, for the R-407C was 

higher than that of the R-22 by (19) % although the useful work rate of the latter was lower 

than that of the former by (5) %. This is partly due to the higher working pressure range of 

the R-407C than that of the R-22 during the steady state conditions, Table 6. 

iii- For all tests of both refrigerants, the air mass flow rate for the (IMPC) and (AMPC) modes 

to pass through the condenser showed an increase with cooling capacity of the unit due to 

the increase of the condenser load. 

iv- The circulated refrigerant per ton of refrigeration for the R-407C refrigerant was in the range 

between (81-88) kg/hr. This was greater than that of the R-22 case which has the range of 

(79 – 82) kg/hr. This is related to the physical properties of both refrigerants and essentially 

is not dependent on the operating pressure ratios. 

v- The experimental data shown in Tables 4 and 5 reveals that the work rate ratios ( ) for 

the R-407C tests were higher than those of the R-22 results. In other words, the calculated 

useful work rate ( ) was closer to the isentropic ( ) condition for R-407C than that 

of the R-22 circulating case.    

       CONCLUSIONS: 

        The experimental work conducted in the present work revealed the following findings: 

i- The suggested alternative refrigerant R-407C is one of the promising substitute for the R-22 

in the air conditioning cooling systems. This object can be targeted without a major 

alteration in the geometrical and physical dimensions of the existing unit. 

ii- Higher pressure ratio has been experienced during this work for the R-407C than that of the 

present circulating refrigerant R-22 for the object of system operation with the existing 

geometrical cooling unit design. 

iii- The power consumed per ton of refrigeration was higher for the present alternative than that 

of the R-22 by about (19) % calculated as a ratio of power consumed with respect to the 

base refrigerant R-22.. 

iv- The above was accompanied by a reduction of the actual COP of the air conditioning unit by 

(17) % and an increase in the circulated mass flow rate of refrigerant per ton. 
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v- The assessment formulated in the present work recommends to use R-407C as a direct 

alternative for the refrigerant  R-22 in this type of air conditioning equipments. 
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NOMENCLATURE: 

     COP : Coefficient of Performance defined by eq.(7) 

     COPR : Coefficient of Performance Ratio 

     h : Enthalpy,  (kJ/kg) 

      : Mass Flow Rate,  (kg/s) 

p : Pressure,  (bar) 

pr : Pressure Ratio 

P : Work rate per ton of refrigeration,  (kW/TR) 

 : Heat Transfer Rate,  (kW) 

 : Heat Transfer per Unit Mass,  (kJ/kg) 

T : Temperature,  (ºC or K) 

WRR: Work Rate Ratio 

 : Work Rate,  (kW) 

Greek Letters: 

: Pressure Difference,  (bar) 

 : Efficiency 

Subscript: 

  a : Air 

  ca : Actual Compression Value 

  cond : Condenser 

  comp : Compressor 

  cons : Consumed Value 

  cs : Isentropic Compression Value 

  d : Dry Bulb 

  evap : Evaporator 

   i : Inlet 

  o : Outlet Value 

  r  : Refrigerant 

  w : Wet Bulb 
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  Table (1): The Characteristic Physical Dimensions of the Evaporator and        

                      Condenser Geometry. 

Dimension specification Evaporator Condenser 

Tube Length (mm)       390      570 

Inner Tube Diameter (mm)       7.93      6.34 

Outer Tube Diameter (mm)       9.52         7.94 

Transverse Tube Pitch (mm)       19.25       17.32 

Longitudinal Tube Pitch (mm)       28      20 

Number of Tube Circuits        4        3 

Number of Tubes per Circuit        11        23 

Total Number of Tubes        44        76 

Number of Tube Rows         3        4 

Tube Metal   Copper   Copper 

Tube Metal Thermal Conductivity (W/m.K)      386      386 

Inner Tube Surface  Smooth  Smooth 

Fin Thickness (mm)      0.2      0.2 

Fin Pitch (mm)      1.5      1.5 

Number of Fins per Inch (FPI)       17       17 

Fin Type Flat Plate Flat Plate 

Fin Metal Aluminum Aluminum 

Fin Thermal Conductivity (W/m.K)      202      202 

             Table (2): Experimental Data of Air Conditioning Unit Circulating R-22. 

                     Table (2.a): Refrigerant Side Measured Operating Conditions. 

Test  

  No. 

Δpcond 

(bar) 

Δpevap 

(bar) 

  P1 

bara 

  P2 

Bara 

  P3 

bara 

  P4 

bara 

 T1 

(ºC) 

 T2 

(ºC) 

 T3 

(ºC) 

 T4 

(ºC) 

   pr 

 (---) 

   1 0.3 0.1 5.71 22.51 21.81 5.81 10.0 81.0 43.6 9.0 3.846 

   2 0.7 0.3 5.71 22.71 22.01 6.01 11.0 82.0 42.0 8.5 3.814 

   3 0.7 0.1 5.61 21.51 20.81 5.71  9.0 82.0 42.0 9.0 3.737 

   4 0.8 0.1 5.51 21.31 20.51 5.61  9.0 81.0 42 9.0 3.76 
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                 Table (2.b): Air Side Measured Operating Conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Table (3): Experimental Data of Air Conditioning Unit Circulating R-407C.               

                   

              Table (3.a): Refrigerant Side Measured Operating Conditions. 

Test  

  

No. 

Δpcond 

(bar) 

Δpevap 

(bar) 

  P1 

bara 

  P2 

bara 

  P3 

Bara 

  P4 

bara 

 T1 

(ºC) 

 T2 

(ºC) 

 T3 

(ºC) 

 T4 

(ºC) 

  pr 

(---) 

   1 0.3 0.1 5.51 24.31 24.01 5.61 18.0 89 45 9.7 4.34 

   2 0.5 0.1 5.21 23.51 23.01 5.31 16 89 49 12 4.42 

   3 0.5 0.2 5.31 24.01 23.51 5.51 15 90 50 12 4.31 

   4 0.6 0.15 5.66 25.11 24.51 5.81 15.6 89 53 11 4.32 

            

Test 

No. 

Heat Exchanger  

        Type 

Tdi 

(˚C) 

Twi 

(˚C) 

Tdo 

(˚C) 

Two 

(˚C) 

   1  Evaporator 

Condenser 

30.8 

35.2 

16 

22 

9.3 

58.5 

  5. 8 

  28 

  2 Evaporator 

Condenser 

31.2 

34.5 

18 

22 

10.2 

60.0 

  9.0 

 28.5 

   3 Evaporator 

Condenser 

29.7 

31.8 

15 

25 

8.2 

52.2 

  5.5 

  30 

   4 Evaporator 

Condenser 

28.2 

32.4 

14 

18 

8 

57.4 

 5.0 

 25 

   5 Evaporator 

Condenser 
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                       Table (3.b): Air Side Measured Operating Conditions. 

  

Test 

No. 

Heat Exchanger  

        Type 

Tdi 

(˚C) 

Twi 

(˚C) 

Tdo 

(˚C) 

 Two 

 (˚C) 

   1 Evaporator 

Condenser 

25.0 

30.6 

13 

16 

6.6 

54.6 

5.0 

23.5 

   2 Evaporator 

Condenser 

25 

28 

12 

16 

6 

54 

3.0 

24 

   3 Evaporator 

Condenser 

26 

29 

13 

16 

6 

55 

3.0 

24 

   4 Evaporator 

Condenser 

26 

32 

13 

17 

6.1 

57 

3.0 

24.5 

      

 

Table (4.a): The Performance Criteria of (IMPC) Mode Circulating R-22.  

      

Test 

No. 

 

 (kW) 

 

 (kW) 

 

(kW) 

COPs 

(----) 

 

(kg/h) 

 

 (kW) 

 

(Kw/TR) 

 

(%) 

 

(kg/h) 

  1 5.796 1.533 7.330 3.84 134.6 2.358    0.930 65.0 1082 

  2 5.520 1.314 6.834 4.20 124.5 2.316    0.837 56.7 846.1 

  3 5.324 1.226 6.55 4.34 119.32 2.296    0.810 53.4 1126 

  4 4.913 1.231 6.144 3.99 110.8 2.275    0.881 54.1 864.6 
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Table (4.b): The Performance Criteria of (AMPC) Mode Circulating R-22. 

       

Test 

 No. 

 

 (kW) 

 

 (kW) 

 

 (kW) 

 

   (----) 

 

 (kW) 

 

  (%) 

 

(kW/TR) 

 

(kg/h) 

 

(%) 

 

(kg/h) 

  1 5.796 2.358 8.154   2.460 1.060 69.1    1.408 131.64 45.0 1203.2 

  2 5.520 2.316 7.840   2.383 1.195 91.0    1.475 123.6 51.6 971.6 

  3 5.324 2.296 7.620   2.319 1.041 85.0    1.516 119.0 45.4 1310.4 

  4 4.913 2.275 7.188   2.160 0.936 76.0    1.628 110.45 41.1 1012.0 

 

       Table (5.a): The Performance Criteria of (IMPC) Mode Circulating R-407C.    

                           

 Test 

 No. 

 

 (kW) 

 

 (kW) 

 

(kW) 

COPs 

(----) 

 

(kg/h) 

 

 (kW) 

 

(kW/TR) 

 

(%) 

 

(kg/h) 

  1 4.235 1.111 5.346 3.811 97.57 2.378    0.922 46.7 740.2 

  2 4.471 1.141 5.61 3.92 105.3 2.399    0.898 47.6 734.4 

  3 5.17 1.352 6.523 3.823 124.83 2.399    0.920 56.4 869.7 

  4 5.20 1.337 6.583 3.890 130.1 2.440    0.903 54.8 923 

          

 

      Table (5.b): The Performance Criteria of (AMPC) Mode Circulating R-407C. 

                           

Test 

 No. 

 

 (kW) 

 

 (kW) 

 

 (kW) 

 

   (----) 

 

 (kW) 

 

  (%) 

 

(kW/TR) 

 

(kg/h) 

 

 (%) 

 

 (kg/h) 

  1 4.235 2.378 6.613   1.580 1.051  94.6    1.973 97.50 44.2 915.7 

  2 4.471 2.399 6.870   1.864 1.063  93.2    1.889 104.8 44.3 899.3 

  3 5.17 2.399 7.570   2.160 1.310  97.0    1.631 124.7 54.6 1009.3 

  4 5.20 2.44 7.640   2.131 1.147  85.8    1.649 129.9 47.0 1078.6 
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Refrigerant  

   Type 

       pr 

     (----) 

 

  (----) 

 

     (----) 

 

  (----) 

 

    (-----) 

  R-22 3.73 ---3.84   1.00    1.00   1.00   1.00 

  R-407C 4.31--- 4.42   0.94    0.830   1.05   1.19 

    AIR EXIT 

Inlet Air 

Exit Air 

REFRIGERANT 

INLET      

REFRIGERANT 

REFRIGERANT 

EXIT 

   AIR INLET 

(1.a): Evaporator Tube Circuiting 

(1.b): Condenser Tube Circuiting 

 Figure (1): A Typical Heat Exchangers Tube Circuiting of an Air Conditioner. 

Table (6): A Comparison for the Work Rate and (COP) Ratios of R-22 and R-407C. 
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Figure (3.a): A Schematic Diagram for a Vapor Compression Refrigeration System.                

34.6 mm 
2
0
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m
 

38.5 mm 

2
8
 m

m
 

3/8 in. Tube 5/16 in. Tube 

Figure (2.a): Condenser Tube Arrangement Figure (2.b): Evaporator Tube Arrangement 

Figure (2): The Tube Layout Arrangement of the Test Air Conditioner. 

Figure (3.b): A Standard Vapor Compression Cycle Considering 

Superheating and Sub-cooling.   

                                     and Sub-cooling (P-h diagram). 
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Figure (5): A Typical Psychrometric Process Chart of the R-22 and R-407C Refrigerants Tests.                   

 

1- Condenser Process 

2- Evaporator Process 
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Figure (4.a): Test Number (1) for R-22 

Figure (4): A Typical (p-h) Diagram of the R-22 and R-407C Refrigerants Tests. 
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Figure (4.b): Test Number (1) for R-407C 

 

30.8 9.3  

Dry-Bulb Temperature ºC 

35 58.5 

1 

2 

Twet 

hair 

(1) Condenser Process 

(2) Evaporator Process 

22 

16 

5.8 

Figure (5.a) Test No. (1), R-22 
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h 

Pei 

Peo 

 

Pci 

Pco 

a 

b 

 c 

d 

9
0
 º

C
 

 8
9
 º

C
  1

8
 º

C
 

 

Pc 

 

Pe 

 

23.5 

 



Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 6553 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.9 5.1 5.3 5.5 5.7
4.8 5.0 5.2 5.4 5.6 5.8

Cooling Unit Capacity (kW)

1.0

3.0

5.0

7.0

9.0

0.0

2.0

4.0

6.0

8.0

10.0
A

ct
ua

l P
er

fo
rm

an
ce

 V
ar

ia
bl

e
Power Consumed per Ton of Refrigeration (kW/TR)

C.O.P. of Cooling Unit

Condenser Load (kW)

Calculated Work Rate (kW)

4.3 4.5 4.7 4.9 5.1
4.2 4.4 4.6 4.8 5.0 5.2

Cooling Unit Capacity (kW)

1.0

3.0

5.0

7.0

0.0

2.0

4.0

6.0

8.0

P
er

fo
rm

an
ce

 V
ar

ia
b

le

Power Consumed per Ton of Refrigeration (kW/TR)

C.O.P. of Cooling Unit

Condenser Load (kW)

Total Power Consumption (kW)

Figure (6.a): IMPC Cycle, R-22.  

Figure (6.b): AMPC Cycle, R-22. 
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Figure (7.a): IMPC Cycle, R-407C. 

Figure (7.b): AMPC Cycle, R-407C. 
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PARAMETRIC STUDY OF LAMINAR NATURAL 

CONVECTION IN GLAZING ENCLOSURE  

 

    Karima E. Amori                          Ahmed Mohammed Toima 
 
Mech. Eng. Dept. College Of Engineering, University of Baghdad  

 

ABSTRACT 

This work includes a numerical investigation of steady two dimensional laminar natural 

convection heat transfer in glazed rectangular enclosure at different tilt angles ranged from (0
o
 

to 90
o
) for Rayleigh number (10

3
-10

6
), aspect ratios(4,5, and 8),and Prandtl number (0.7). The 

study considers the effect of different boundary conditions on the heat transfer within the 

enclosure. The continuity equation, Navier-Stokes equations and the energy equation are 

solved by developing a numerical model based on finite volume method using SIMPLE 

algorithm with hybrid scheme to compute the velocity vectors, temperature, pressure, and 

Nusselt No. (local and average). Results show an increase in heat transfer rate with increasing 

of Rayleigh number, and for low Rayleigh numbers, the conduction is the dominant heat 

transfer mode. At Ra= 10
3
, the mean Nusselt number remains constant around unity for all 

cases. The tilt angle has the major effect on the heat transfer for Rayleigh number larger than 

10
4
. A comparison of the present results with previously published data is conducted, and good 

agreement is seen to indicate the effectiveness and flexibility of the developed numerical 

procedure. 

 انخلاصح

َرُاول هزا انثذث دساسح ػذدَح نجشَاٌ انهىاء واَرقال انذشاسج تىاسطح انذًم انذش انطثاقٍ فٍ دُض صجاجٍ  

يسرطُم رو صواَا يُم ذرشاوح تٍُ)
°

0-
°

00( ونذانح يسرقشج ثُائُح انثؼذ.انذساسح ذغطٍ انًذي نشقى ساَهٍ ي90ٍ
3

00انً  
6 

سرىكس ويؼادنح انطاقح  -. ذى دم يؼادلاخ الاسرًشاسَح , يؼادلاخ َافُشPr=0.7)( ونؼذد تشاَرم )8,5,8ونُسة تاػُح )

( تانطشَقح انهجُُح نذساب قُى كم يٍ , SIMPLEتثُاء ًَىرج ػذدٌ تأسرخذاو طشَقح انذجى انًذذد وأذثاع خطىاخ )

َرقال انذشاسج َضداد يغ يشكثاخ انسشػح ودسجح انذشاسج وانضغظ وسقى َسهد )انًىضؼٍ وانًؼذل(. تُُد انُرائج اٌ يؼذل ا

صَادج سقى ساَهٍ , واٌ اَرقال انذشاسج تانرىصُم َظهش تشكم واضخ ػُذ سقى ساَهٍ يُخفض, فٍ دٍُ اٌ سقى َسهد 

00انًرىسظ َثقً ثاترا تقًُح وادذج ػُذ سقى ساَهٍ 
3

. وأٌ صاوَح يُم انذُض نها انرأثُشالأكثش ػهً أَرقال انذشاسج نقُى ساَهٍ 

00أكثش يٍ 
8

ذًد يقاسَح انُرائج انًسرذصهح فٍ هزِ انذساسح يغ انًُشىسج ساتقا ووجذ ذقاسب جُذ جذا تُُهًا نهذلانح ػم  . 

 فؼانُح ويشوَح انذم انؼذدٌ انزٌ ذى تُاءِ.       
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INTRODUCTION 

The number of heat transfer applications in which the natural convection is a dominant 

phenomenon within enclosures is large, and better understanding of this phenomenon has even 

increased the number of applications and has led to a number of sophisticated industrial and 

environmental designs. Natural convection flows in enclosures such as double pane systems 

have received a great interest in engineering applications. Windows have always been a 

significant part of building design, and provide many functions and play a significant role in 

daily building operations. Hiroyuki Ozoe (1973) , studied (numerically using FDM and 

experimentally ) two dimensional natural circulations in an inclined, confined box heated on 

one side and cooled on the opposing side. The angle of inclination was varied from ( 0
o
 to 

180
o
) for four aspect ratios. The study assumed Pr=0.7 and Rayleigh number ranged from 10

3
 

to 10
6 

. The preferred mode of fluid circulation was observed to change with the angle of 

inclination and the aspect ratio. He found that a minimum in the heat flux occurred at the point 

of transition (merging of the circulation cells), while the maximum occurred as the angle was 

further increased. Ivan Catton (1973), studied numerically natural convection flow in a finite, 

two-dimensional rectangular slot arbitrarily oriented with respect to the gravity vector for 

aspect ratios (0.1 to 20), and tilt angles from -30
o
 to +75

o
 and Rayleigh numbers up to 2*10

6
.It 

was found that the flow structure and heat transport were dependent on aspect ratio, angle of 

tilt and Rayleigh number. Mayer, Mitchell, and El-Wakil(1979)  studied experimentally the 

effect of natural convection in moderate aspect ratio (0.25-4) enclosures using an 

interferometric technique. The slat enclosure is represented as an array of cells which are 

essentially contiguous enclosures each having a small aspect ratio. The Rayleigh number range 

tested was up to 7*10
4
 and the angles were from 45

o
 to 90

o
.They showed that the convective 

heat transfer is a strong function of the aspect ratio (less than 4). Also slat angles less than 90
o
 

(i.e., oriented downward) reduce convective heat transfer. Elsherbiny et al. (1982), studied 

experimentally the effect of thermal boundary conditions on natural convection in vertical and 

inclined air layers between two isothermal plates of different temperature depends on the side 

and end walls boundary conditions. These walls are usually assumed to be perfectly conducting 

or adiabatic. The study has qualitatively described the wall conduction, radiation and fluid 

convection interactions. Wang and Hamed (1980), investigated numerically steady two-

dimensional natural convection in air filled, rectangular enclosure using finite volume 

approach. The effect of various configurations of bidirectional temperature gradients on mode 

transition of thermal convection inside the cavity has been investigated. Simulations have been 

carried out for Rayleigh numbers (10
3
<Ra<10

6
 ), aspect ratio=4 and angle of inclination from ( 

0
o
 to 90

o
 ) . They showed that it is quite possible to alter the resulted heat transfer rates by 

adjusting the thermal conditions; by varying cavity angle of inclination, or by modifying initial 

conditions of fluid inside the cavity. 

In this work, laminar flow in inclined glazing enclosure is adopted for various heating 

cases to study  the effect of different boundary conditions and different effective parameters on 

flow field and heat transfer within it. 

 

MATHEMATICAL MODEL AND BOUNDARY CONDITIONS 
Figure.(1) depicts the schematic of the rectangular enclosure considered here. The enclosure 

has a length of (L) along the x-axis and a width of (W) along the y-axis. The two side walls of 

the enclosure are insulated, the others perfectly conducting walls are considered isothermal and 

are maintained at constant temperatures hT  and cT  , respectively. The tilt angle , is the angle 

of inclination of the enclosure with respect to the horizontal. 

 



Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 3795 

 

 

 

 

 

The following assumptions accompanied to the 

adopted mathematical model: Steady, two-dimensional 

natural convection flow inside the enclosure, assuming 

constant and employing the Boussinesq approximation 

for the gravity term. The governing equations for 

natural convection flow using conservation of mass, 

momentum and energy can be written as: 
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Using the following change of variables: 

Y=
W

y  , X=
W

x , V=


vW  , U=


uW  ,
ch

c

TT

TT




 , 

 Pr =


  , P =
2

2



pW  ,  Ra = 
2

3)(Pr



 WTTg ch            

 

The governing equations (1)-(3) reduced to the 

following set of dimensionless equations: 
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Fig. (1): Two-Dimensional Enclosure Geometry. 

Fig.(2): Enclosure Geometry And 

Coordinate System For The Studying 

Cases 

 (4) 
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The Boussinesq approximation is introduced in the present study, which treat the density as a 

constant variable in the continuity equation and in the inertia term of the momentum equation, 

but allow it to change with temperature in the buoyancy terms, such that:  

 

    TT 1                                                   (8) 

 

The no-slip boundary condition is applied at all four boundaries.  

       

U(X,0)=U(X,1)=U(0,Y)=U(I,Y)=0                                                               

    

       V(X,0)=V(X,1)=V(0,Y)=V(I,Y)=0           

 

Thermal boundary conditions adopted in the present work are related to the cases considered 

shown in Fig (2). These cases are: 

I. Enclosure which has a lower wall heated and upper wall cooled with two insulated 

sidewalls as shown in Fig (2a). i.e.: 
1)0,( X  

0)1,( X                                               

0),(),0( 








YI

X
Y

X


      

II. Enclosure which has a lower wall cooled and upper wall heated with two insulated 

sidewalls as shown in Fig (2b). i.e.: 

0)0,( X     

1)1,( X                                               

0),(),0( 








YI

X
Y

X


        

III. Enclosure with upper wall is subjected to non-uniform temperature (sinusoidal) 

distribution in space coordinate while the lower wall is cooled and the sidewalls are kept 

insulated as shown in Fig (2c).  

  i.e.: 

0)0,( X                                        (Constant wall temperature)     

  )sin()1,( XX                             (Sinusoidal temperature distribution )  

          0),1(),0( 








Y

X
Y

X


              (Insulated sidewalls) 

 

The Nusselt number was calculated using the following equation: 

dx
W

Nu
W

ave  


0 )
c

T
h

(T

q

k

1                 (9) 

   (Constant wall temperature)                                        

   (Insulated sidewalls) 

   (Constant wall temperature)                                        

 
(Insulated sidewalls) 

(where I = L/W) 
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NUMERICAL ALGORITHM AND RESULTS VALIDITY 

 Eqs. (5) to (8) are solved using FVM and the SIMPLE algorithm. The procedure was regarded 

converged when maximum difference of all independent variables (U, V, P, and  ) and 

maximum change in calculated average Nusselt number between two successive iterations 

were less than 10
-4

 . 

These governing differential equations can be rewritten in the general form as: Patankar 

(1980) 

   






















































S

yyxx
v

y
u

x
            (10)   

 Where the left hand side represents the convective terms, the right hand side represents the 

diffusion and source terms. The physical domain is divided into elements as shown in Fig.(3), 

and a Fortran 90 computer program is developed with the structure chart shown in Fig. (4). 

 

 

 

RESULTS AND DISCUSSION 

Verification of the Numerical Discussion 

In order to check the accuracy of the results obtained using the present numerical algorithm, 

results were compared with those available in the literature. The computed and the reference 

Nusselt No. values of Wang (2005) and Yao (1999) along with the percentage deviation, are 

presented in table (1). Wang  and Yao  studied an enclosure at ( = 0
°
) with insulated upper 

and lower walls and isothermal side walls. Table (1) shows that the minimum and maximum 

deviations are (0.0007%) and (2.288%) respectively. 

Where:          Deviation % = 100


ref

compref

Nu

NuNu
 

Table.1. Verification of the Mean Nusselt number 

Ar Pr Ra 

Nu 

 

 

Deviation 

% 
Present 

Study 
Wang 

Huafu 

Yao 

4 0.7 1000 1.000003 1.00001 - 0.0007 

4 0.7 3000 1.554243 1.57002 - 1.004 

4 0.7 5000 2.000682 2.0022 - 0.075 

4 0.7 10
4
 2.507354
 2.55 - 1.672 

1 0.71 10
4
 
2.294327 - 2.243 2.288 

1 0.71 10
5
 
4.520762 - 4.519 0.039 

1 0.71 10
6
 8.774747 - 8.9693 2.169 

 

 

Glazing Enclosure Heated From Lower Surface - (Case I) 

The effect of inclination angle is studied by varying ( ) from 0
°
 to 90

°
 on flow and 

temperature fields for Ra=10
4
 are shown in Fig. (5) for (Ar = 4 and 8), respectively . At 

(Ar=4), the multi-cells begin to coalesce into one. A pronounced one-ce11 motion was 

observed between 30
°
 <   < 90

°
 while multicellular form could be observed for (Ar=8) at 
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( =0). At an angle of 60
°
  hot wall produces an acceleration to the flow along the top and 

bottom walls, causes the velocity vectors in the core region to stretch  toward the top right and 

bottom left corner of the enclosure. The number of circulation cells for Ar=8 is larger than that 

for Ar=4 due to the effect of shallow effect of the enclosure. The circulation cells tends to 

merge and move to the upper end of the inclosure with increasing of the inclination angle as 

shown in Fig. (6) due to the gravity effect. Fig.(7) illustrates the velocity vectors and isotherm 

contours for Ra=10
3
,10

4
,10

5
, and 10

6
 for Aspect ratio of (4 and 8) at   =0

°
. As Ra increased 

slightly, the upslope temperature gradient causes a change in the number of cells from four to 

two for (Ar=4), and from six cells to four cells for (Ar=8). Fig.(8) shows the relation between 

the Nuave vs. Ra for various aspect ratios and inclination angle. Results show that e Nuave 

increases as increasing the Ra No. and at Ra=1000 the value of Nuave was unity which indicate 

that the conduction and convection effect is the same. Also it can be shown that the specified 

values of inclination angle the circulation fluid cells merged and cause a decrease in Nu 

number, while a slight effect of Ar is shown. 

 

Glazing Enclosure Heated From Upper Surface - (Case II) 

The effect of the inclination angle is studied by varying   from 0
°
 to 90

°
 for the case of 

Ra=10
4
. The Isotherms and Velocity vectors at Aspect ratios (4, 5, and 8) was studied and 

found to be  so similar in trend as that for case II  , therefore only Ar= 4 is presented in Fig. (9) 

in this section to avoid repetition.. This figure shows that for (  =0
°
), two fluid cells are 

formed, while they are merged for higher tilt angles, also a weak convection heat transfer exist 

tending the fluid to move towards the enclosure ends at the upper heated wall. This fluid 

movement increases with increasing of   noting that the fluid moves upward near the heated 

side due to decreasing the fluid density, and moves downward near the colder wall to form one 

flow cell for (  =30
° 
, 60

°
, & 90

°
). Effect of Ra No. on the vertical velocity distribution and the 

isothermal contour along enclosure centerline is shown in Fig. (10) where the fluid flows is 

clock-wise unicellular, except for (Ar=4, Ra=10
5
,  =0 ) where twin in opposite direction 

circulation fluid cells are formed, also it  shows that increasing of Rayleigh number leads to 

increase the circulation strength due to the increase in temperature difference. As Ra increases 

to 10
5
 and 10

6
 ,the thermal boundary layer gets intensive and thinner. Compressed isotherms 

extend longer along the y-axis and the isotherms are further distorted due to the stronger 

convection, this is also shown in Fig.(11).   

Fig.(12) shows the effect inclination angle on  the averaged Nu for (Ar= 4 and 8 ).It can be 

concluded that increasing   leads to increasing the heat transfer and the effect of increasing 

the aspect ratio has larger effect, due to the confirmation effect to fluid circulations in shallow 

enclosure. Also it can be shown that for  =0 all values of Nuavg is equal to one i.e convection 

effect is the same as conduction. 

 

Glazing Enclosure with Non-Uniform Heating of Upper Surface - (Case III) 

The effect of the inclination angle is studied by varying   from 0
°
 to 90

°
 and Ra=10

4
 for the 

case(III) as shown in Fig.(13). The Isotherms and Velocity vectors at Aspect ratios (4, 5, and 8) 

was found to be so similar in trend, therefore only (Ar= 4) is presented in this section to avoid 

repetition. It can be seen from velocity plot  at  =0
°
, two circulating fluid cells are formed 

inside the enclosure. Further increase in the tilt angle to  =30
° 
and  =60

°
 leads to merge to a 

unicellular pattern with the tendency to increase the rotational velocity with the tilt angle. At 

the vertical position  =90
°
, where the gravitational field is parallel to the boundary layer the 

circulation cell is squeezed towards the upper section of the enclosure. 

The effect of Rayleigh number on the heat transfer and fluid motion is investigated for ranges 

of 10
3
, 10

4
, 10

5 
, and 10

6
 as shown in Fig.(14).  
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For small Ra, the fluid is almost stagnant and pure conduction through adjacent fluid layers 

dominates the heat transfer as it is confirmed by the temperature distribution. It also noted for 

horizontal position that the temperature at the top wall is non –uniform and a maximum 

temperature is located at the center. At Ra=10
5
, the circulation pattern is qualitatively similar to 

the uniform upper surface heating as shown in Fig.(15). Fig.(16) shows the effect of Ra No. on 

the vertical velocity distribution  along the enclosure centerline. Fig. (17) shows the combined 

effect of  inclination angle and aspect ratio and Ra No. on the averaged Nu No. The same trend 

in case II is presented with the exception that the conduction is dominated at  =0 than 

convection . 

 

CONCLUSION  

Steady, two-dimensional, natural convection in an air-filled rectangular enclosure has been 

numerically investigated using the finite –volume based SIMPLE numerical algorithm. Based 

on the obtained results, conclusions can be listed as follows. When Ra ≤ 10
3
, the inclination of 

the enclosure does not have any influence on Nu  for all aspect ratios Ar =4, 5 and 8. And for 

5*10
3
  ≤ Ra ≤ 10

4
 ,the Nusselt number tends to increase when the cavity inclination increases 

and then drops to minimum value when transition mode occurs. Heat transfer is increased with 

the increasing of Rayleigh number for all parameters which affect on flow and temperature 

field. Inclination angle is the dominant parameter on fluid flow and heat transfer and has a big 

effect on the cellular fluid form. 

 

 

Fig.(3):The Computational Domain of 

the Enclosure 

 



K.E. Amori                                                                                                  Parametric Study Of Laminar Natural  

  A. M. Toima                                                                                                Convection In Glazing Enclosure 

 

 3800 

 

           

Start 

Input data 

Grid specification 

Initial guess variable field 

P
*
 ,U

*
 ,V

*
 ,φ

*
  

 

Solve the discretized momentum equations 

 
  













jIjIJIJInbnbjIjI

JiJiJIJInbnbJiJi

cAPPVbVb

cAPPUaUa

,,,
*

1,
**

,
*

,

,,,
*

,1
**

,
*

,   ….  (4.25) 

 

 
Solve the pressure correction equation 
















cPaPaPaPaPa SSNNWWEEPP  ……. (4.33) 

 

Solve the other dependent variable field ( ) 

uSSNNWWEEPP Saaaaa     . (4.17) 

 

Convergence 

 

Calculate: T, U ,V, P, Nu, Nu  
 

                                        

             

YES 

NO 

Set 

 







VV

UU

pp

 

Stop 

Fig.(4): Flow Chart of the Computer Program. 

Correct pressure & velocities using the velocity and pressure correction equation 

VVVUUUppp 








 ;;         ………. (4.24)  
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°
) 

 
                                              (γ = 0

°
) 

      

 
                                

(γ = 30
°
) 

      

 
                                           

(γ = 30
°
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                                (γ = 60

°
) 

      

 
(γ = 60

°
) 

      

 
                                   (γ = 90

°
)  

Ar=4 

     

 
                                            (γ = 90

°
)  

Ar=8 

Fig (5) Effect of Inclination Angle on Temperature Contours and Velocity Vectors for 

(Case I), 

[Ar= 4 and 8, Ra=10
4
] 
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Fig (6): Effect of Inclination Angle on Vertical Velocity Distribution along Enclosure 

Centerline for (Case I), [Ar = 4 and 8, Ra =10
4
] 
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Ar = 4 
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Fig (7): Effect of Rayleigh Number on Temperature Contours and Velocity Vectors  

for (Case I),[Ar = 4 and 8, γ =0
°
] 
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Fig (8); Effect of Aspect Ratio on Average Nusselt Number at Different Inclination  

Angles for (Case I). 
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Fig (9): Effect of Inclination Angle on 

TemperatureContours and Velocity Vectors for 

(Case II), [Ar= 4 , Ra=10
4
] 
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6
) 

Fig (10): Effect of Rayleigh Number on 

Temperature Contours and Velocity 

 Vectors for (CaseII), [Ar = 4, and γ = 90
°
] 
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Fig (11): Effect of Rayleigh Number on Vertical Velocity Distribution along  

Enclosure Centerline for (CaseII),[Ar = 4, and γ = 90
°
] 
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Fig (12) Effect of Aspect Ratio on Average Nusselt Number at Different 

Inclination  

Angles for (Case II). 
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Fig (13): Effect of Inclination Angle on 

TemperatureContours and Velocity 

Vectors for (Case III), 
[Ar= 4 , Ra=10

4
] 

 

Fig (14) Effect of Rayleigh Number on 

Temperature Contours and Velocity 

Vectors for (CaseIII), 

[Ar = 4, and γ = 90
°
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Fig.(15): Effect of Inclination Angle on Vertical Velocity Distribution along Enclosure 

Centerline for (Case III), [Ar = 4 and 8, Ra =10
4
] 
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Fig (16): Effect of Rayleigh Number on Vertical Velocity Distribution along Enclosure 

Centerline for (CaseIII), 

[Ar = 4, and γ = 90
°
] 
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Fig (17) Effect of Aspect Ratio on Average Nusselt Number at Different Inclination 

 Angles for (Case III). 
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 NOMENCLATURE  

LATIN SYMBOLS     

    

Ar 
WL Dimensionless aspect 

ratio 
S Source term 

g 

 
Gravitational acceleration u 

Velocity component in x-

direction m/s 

h Convective heat transfer 

coefficient W/m
2
 
o
C 

U 
Dimensionless velocity in x-

direction 

K 
Thermal conductivity 

W/m.
o
C 

v 
Velocity component in y-

direction 

Nuave Average Nusselt number V 
Dimensionless velocity in y-

direction 

P Pressure (Pa) T Temperature  
o
C 

Pr 
Prandtl 

numb  
W 

Dimensionless width of 

enclosure 

Q 
Heat flux per unit area 

(W/m
2
 ) 

x,y Cartesian  coordinate 

Ra Rayleigh number X,Y 
Dimensionless Cartesian 

coordinate 

GREEK SYMBOLS                                                        
  
  Density 

  Thermal diffusivity    Dimensionless Temperature 

  
Thermal expansion 

coefficient  
 

Superscripts & Subscripts 

  Diffusion coefficient 

  General dependent variable - Average 
  Inclination angle C Cold 

  Kinematics viscosity h Hot 

 

Fig (4-5) 
Effect of 

Inclination 

Angle on 

Temperature 

Contours and 

Velocity 

Vectors for 

(Case II), 

[Ar= 4 , 

Ra=10
4
] 
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ABSTRACT 
   In this paper two stages of analysis are studied. In stage I, the influence of crack shape on the 

crack-tip stresses, critical loads and subsequent propagation direction is investigated via a simple 

analytical model for cracks in homogeneous materials. This model is verified through finite element 

simulations using ANSYS. It is demonstrated that accurate predictions of mechanical energy release 

rate and crack deflection angle may be obtained from a smaller number of crack shape parameters. 

   In stage II, this concept is extended to curved cracks in functionally graded materials (FGMs).It is 

common that analytical and computational models of fracture in FGMs have focused almost 

extensively on straight cracks. If it can be demonstrated that straight cracks give an adequate 

approximation of curved cracks in graded materials, then the existing solutions for straight cracks 

provide a sufficient foundation for fracture analysis of FGMs. On the other hand, if straight cracks 

do not adequately approximate curved cracks in FGMs, then the development of solutions for non 

straight cracks in graded materials is priority. Three cracks shapes approximations are performed to 

compare with the actual crack in isotropic and graded materials. The crack propagation and the SIFs 

were simulated using finite element method.  It was concluded that piecewise linear crack shapes 

provide a significantly better approximation than straight crack shapes. Accordingly, analytical 

solutions for piecewise linear cracks in graded materials would be very useful, and should be a 

focus of future work in this area.   

    

KEY WORDS 

 SIF, FGM, Fracture mechanics, FEA, ANSYS 

 

 الخلاصة:

فثي الرين ثت الىلث  ُ ا سح حح ن نثأث حثشكني لثس  الس ثي   ث   في هذا البحث  حثد اسا ثت لثين خن  لث  الخح نث      

  ىحثد الحوث ع   ثث   خثأار لمأس ثثت لث  دثث ع ن ثخ كا   ي ثثألر فثثي الرث اا الرخسأ  ثثت اجهثأااث المرثت   ثثك الس ثي

 ح ن  ح  ع لكسا ت حشكني لس  الس ي في الرث اا الببمنثت   في الرين ت الثأ نت هذا الخ ANSYSالع أصي الرحكاة 

ا ثخ كا   )الرخكسجثت فثي لعألث  الريى ثت ببمنت اا الرثالح ثأ ي ى ال رثيل ل س ثي فثي الل  الشأاع في ال رث ج    

ُفثأ  الح ث ع الرخث فية اجا حد اكبأث ا ه الس ي ال بي يعبثي  خثأار حمييبنثت ل س ثي الحمنمثي  ه الس ي ال بي لخرثن 
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س ي ال بي حعبثي صث سة فأفنثت ل س ثي الحمنمثي  الثأ اجا كبثج العسثل فأ ثه الس ث س ال  بنثت هثي ال ثأح فثي  ل

أ  ت ىل اا طبمنثت سالسأع حمييبنت ل  الس ي حد ن خموأؤهأ لرمأس ت الجهأااث   ك المره  لر اا لخ تك ك الخح ن  

لثس  الس ثي ال بثي الرخثكس  يعبثي  خثأار  ظ ن ه  ن خشأس الس ي ىالرمأس ت حرج  أ خ كا  الع أصي الرحكاة  ل ن

ى  نه الكسا ت ال رييت ل س ثي ال بثي  ل  اللسأع الخمييبنت الديى  ألرمأس ت لع الشس  الحمنمي ل س ي حمييبنت 

 الببمنت هي الفثي صحت لكسا ت لنسأ نك الس ي في الر اا الببمنت الرخكس  في الر اا 

INTRODUCTION 
   FGMs (functionally graded materials) are “functionally graded” to provide the exact combination 

of characteristics desired, and in these materials or structures the material properties vary with 

location in such a way as to optimize some function of the overall FGM. The metal, the ceramic, the 

volume, shape, location of the ceramic, and the fabrication method can all be tailored to achieve 

particular desired properties. The design of FGMs requires an explicit understanding of the material 

behavior at each location and over all these length scales. There has been quite considerable work 

on the manufacturing methods of metal/ceramic FGMs. Advanced manufacturing techniques are 

used to process FGMs, among which we may mention spark plasma sintering (SPS), 3D-printing, 

electrophoretic deposition and high–temperature infiltration (Jin et al., 2001). Due to the brittle 

nature of the ceramic components in ceramic/metal FGMs, fracture mechanics of graded materials 

is also studied quite extensively. A detailed literature review of the fracture mechanics of graded 

materials is given by Dag (2004). Functionally graded microstructure in a ceramic/metal composite 

has been found to reduce the otherwise thermal stress field at the interface between ceramic and 

metal plates(Taya et al., 2005). Chatterjee et al. (2006) have developed a multi-layered rainbow 

type actuator with graded piezoelectric properties through the thickness.      

   The criteria for crack propagation should take into consideration the account of the influences of 

material property gradient along with crack geometry and applied loading, on the applied stress 

intensity factor (Erdogan, 2006). Furthermore, it should be include the effects of intrinsic toughness 

variation (Jin & Batra, 2007). Although a crack shape may be quite complicated, several researches 

have suggested that the stress intensity factor may be approximated by a function of several simple 

crack-shape parameters, or indeed by approximating the curved crack to an equivalent straight 

crack. The relevance of these types of approximation has been demonstrated for particular crack-

shapes and loading configurations, although reasons were not given for why this is so (Kitagawa et 

al.,1975, Leevers et al., 1980, Noda et al., 1994). Approximations to an equivalent straight crack, or 

other simplified crack-shape, simplifies calculation appreciably and may often sufficiently accurate. 

In fact, this approximation is made when treating any macroscopically straight crack as being 

perfectly straight, despite the fairly ubiquitous presence of crack deflection at a microscopic level. 

The validity of the approximation in this case is generally not questioned. For macroscopically 

deflecting cracks, this approximation is clearly useful for simply estimating fracture parameters, and 

thus warrants further investigation.    

   It is proposed that the shape of a crack may be described by several parameters, from which an 

approximate SIF value may be predicted. For an edge crack, a common configuration in experiment 

fracture mechanics, the proposed parameters, shown in Fig. 1. are: 

 Crack length perpendicular to the edge, a; 

 Transverse deviation parallel to the edge, d; 

 Crack-tip orientation relative to loading direction, . 

   In this paper, the influence of crack shape on crack tip stresses in homogeneous materials is 

investigated via a simple analytical model. This model is verified through finite element 

simulations. Second, the curved cracks of graded materials were simulated by FE program ANSYS. 
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MATERIALS AND METHODS 
Analytical Model(For Homogeneous Material) 

   A simplified approach given by Ashby and Jones (1996), for calculating the mechanical energy 

release rate, based on the assumption of an elliptical region of stress relaxation around the crack and 

the increase in this region with the crack extension. For a straight crack of length, 2a, as in Fig.2, 

the rate of energy release, G, associated with a crack extension was determined as: 

 

'

2

2E

ak
G


                                                                                                                                        (1) 

 

Where E' is the effective Young's modulus, and k describes the aspect ratio of the relaxation 

volume. It can be shown that k is 2, for a through-thickness straight crack in an infinite medium. 

 

Mechanical Energy Release Rate 

   The mechanical energy release rate is calculated from the following formula (Noda et al., 1994): 

 

)]cos()sin(cos2[
4 '

2




 da
E

G                                                                                         (2)  

 

To estimate the value of  , the simple case of a straight crack under tensile loading is considered. 

In this case, parameter d,   and   are zero, and: 

 

'

2

2E

a
G


                                                                                                                                         (3) 

 

This may be compared with the known expression for an edge crack (Broek, 1991): 

 

'

2212.1

E

a
G


                                                                                                                                  (4) 

 

And the geometrical constant is thus determined as  =2(1.12)
2
2.5. 

 

Deflection Angle 

   Whilst a number of different criteria have been used to predict deflection angle, the focus of the 

current analysis is strain energy release rate. Accordingly, the maximum energy release rate 

criterion is most appropriate. Considering a kink extending at angle from the tip of a particular 

curved crack the mechanical energy release rate is estimated from Eq. (2) as:  

 

)]cos()sin(cos2[
4

)(
'

2




  da
E

G                                                                              (5) 

 

This is maximized for: 

 

0
)(






d

dG
                                                                                                                                         (6) 

 

After simple sequence of calculations, the optimum value of the kink angle, : 
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 k                                                                                                                                           (7) 

 

   This implies that mechanical energy release rate will be maximized for crack growth 

perpendicular to the loading direction, which is understood to be the case. 

This simple analytical model may not be applied to FGMs, as the elastic property gradient, leads to 

a spatial variation in strain energy density. It was assumed, however, that curved cracks in FGMs, 

by analogy with those in homogeneous materials, may also be approximated by simple-shaped 

cracks. This was investigated with FE simulation, using several different crack-shape 

approximations. 

 

 

 

FINITE ELEMENT SIMULATIONS (FOR BOTH FGMS AND 

HOMOGENEOUS MATERIALS) 
Geometric Modeling 

   Specimens were modeled in two dimensions under plane stress conditions. Generally, 

compositionally symmetrical samples, consisting of two graded sections situated between materials 

1 and 2, as in Fig. 2. A tensile load is applied to the edge of the plate and the other is clamped. 

Crack propagation was assumed to initiate from a notch in the graded section, oriented 

perpendicular to the gradient section. The material gradient was described by the magnitude of 

elastic property mismatch, RE=E2/E1, the width, w, and the shape of the elastic property profile, 

defined by the exponent, n, in a power-law expression. Continuous and stepped gradients 

respectively, as shown in Fig. 3, were defined by  

 

))1(1()( 1

n

EREE                                                     (Continuous)                                        (8) 

        

))/][)(1(1()( 1

n

ssE NNIntREE                                      (Stepped)                                         (9)               

 

   Where Ns is the number of steps across the gradient and ][ sNInt represents the operation of 

rounding to the nearest integer. Stepped gradients with smoothing of effective properties at step 

interfaces were also considered.  

   In linear elastic problems, it is known that the displacements near the crack tip (or crack front) 

vary as r , where r is the distance from the crack tip. The stresses and strains are singular at the 

crack tip, varying as 
r

1 . To resolve the singularity in strain, the crack faces should be 

coincident, and the elements around the crack tip (or crack front) should be quadratic, with the 

midside nodes placed at the quarter points. Such elements are called singular elements. Fig. shows 

2D singular element. Meshing was conducted under free meshing conditions using the AMESH 

command, with isoparametric quadrilateral PLANE 82 elements which have 8 nodes: 4 vortex 

nodes and 4 midside nodes. The crack tip singularity were modeled using degenerate triangular 

quarter point elements, which enabled crack tip fields and fracture parameters to obtained. An 

example of meshing is given in Fig. 4. To improve solution accuracy, the mesh was refined around 

the crack and the crack tip in particular, with crack tip element size (ao/1000) where ao is initial 

crack length, as shown in Fig. 3. approximately 3500 elements were used in total.   

 

Simulation Of Crack Propagation 

   Crack propagation was simulated incrementally. Fig. 5 shows a schematic diagram explaining the 

sequence of events in simulation of crack propagation. 
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SUMMARY 
   These were conducted in two stages. In stage I, stationary cracks with a range of shapes in 

homogeneous specimens were modeled to obtain values for mechanical energy release rate and 

deflection angle. In stage II, propagation of cracks in homogeneous and graded specimens was 

simulated, and crack paths and SIF profiles were obtained. 

   The general specimen configuration for stage I, an edge-cracked size with stresses applied to edge 

of plate, and a representative mesh, are shown in Fig. 4. Deflection angle was predicting using the 

maximum energy release rate criterion for consistency with the analytical model. 

   To investigate a range of crack shapes, a degree of variability within the constraints of the set 

parameter scheme was introduced by varying the curvature of the cracks, whilst keeping the defined 

parameters constant. Three different general crack shapes were considered, A, B and C, as shown in 

Fig. 6. By using each of these for each set of values of a, d, and, the sensitivity to curvature could be 

examined. It should be noted that, in the geometrical scheme used, the radius of curvature, r, is 

proportional to a and d, so that when d is varied, the relative curvature, i.e. r/a varies also.    

   When the entire crack shape was used, the finite extension per increment resulted in a path made 

up of numerous small line segments. As the propagation direction did not change abruptly, these 

formed a smooth path. The effect of using approximated crack shapes on predictions of crack-path 

and stress concentrations was examined. When simplified crack-shapes, as shown in Fig. 7(a), were 

used, the crack was extended in the same way; however, after each crack extension, a new 

approximated crack-shape was defined and meshed. This approximated crack shape was used for 

calculation of the propagation direction for the subsequent increment. This is illustrated 

schematically in Fig. 7(b). The crack-shape geometry and surrounding mesh was deleted and 

refined between each increment of the propagation. The crack paths presented here are essentially 

plots of the variation of crack-tip location, as calculated using a variety of crack-shape 

approximations. 

   It should be emphasized that the use of approximated crack shapes in this manner did not improve 

simulation efficiency, except for simplifying the mesh pattern around the crack which could slightly 

reduce the number of elements and hence the computation time. Rather, the efficiency of analytical 

solutions would be improved notably if a simplified crack shape could be used. Establishing the 

validity of this was a principal aim of this study.  

   This approach was applied to several different material configurations. The general specimen 

geometry, an edge-cracked plate in tension, is depicted in Fig. 3. Specimens containing the 

following material interface configurations were examined: 

(1) No interface (asymmetrically-notched homogeneous specimen), with the notch situated 36 

mm from the load line (center of specimen). 

(2) Step interface (biomaterial specimen), with crack initially 8 mm from the interface; 

(3) Continuously-graded interfaces, with parabolic spatial variation in material properties 

across a 10 mm wide gradient region, and crack initially situated 8 mm from the interface 

between the gradient region and material 1; 

(4) Continuously graded interface, with parabolic spatial variation in material properties across 

a 10 mm in wide gradient region, and crack initially situated 8 mm from the interface 

between the gradient region and material 1; 

(5) Discontinuously-graded interface, with stepped-linear (3 steps) spatial variation in material 

properties across a 10 mm wide gradient region, and crack initially situated 8 mm from the 

interface between the gradient region and material 1. 

   The assumed properties of material 1 were E1=3.4,v1= 0.25. Properties of material 2 were 

assumed as E2=340 and v2=0.25 for all cases except the homogeneous specimen, which material 1 

and 2 were identical (Mattew T.Tillbrook, 2005). The large disparity in elastic properties was 

assumed so that deflection angles would be high, thereby amplifying the differences which may 

arise between predictions from different crack-shape approximations.  
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RESULTS & DISCUSSION 
Curved Cracks In Homogeneous Materials 

  The predictions from this analytical model are shown in Figures 8 to 10, along with results 

obtained from finite element analysis. The FE results are shown as dots or triangles, with a degree 

of scatter between results obtained for different shape types, A, B and C, whilst analytical model 

results are shown as solid lines. Mechanical energy release rate values are normalized with respect 

to effective Young's modulus, E', and applied stress,   , so that the effect of crack geometry may 

be examined directly. However, as applied stress and effective Young's modulus were held constant 

for all cases examined, the absolute and normalized values for mechanical energy release rate are 

directly proportional.  

   The effect of variation in relative deviation, d, is illustrated in Figs.8a and b for cracks with 

loading  angles of 00 30&0 respectively. There is a systematic influence of d on the deflection 

angle. Although the difference is larger for larger values of d, the influence of d seems to be greater 

for smaller d values, as the slope of the variation of   with d is greater in that region. Variation in d 

leads to a variation in the curvature at the crack tip, so the influence of d is likely to be attributable 

to curvature. 

   The effect of variation in crack-tip angle, , is illustrated in Fig. 9(a and b) for cracks with loading 

angles of 00 30&0 respectively. Crack-tip orientation is seen to influence fracture parameters 

significantly. Increasing the crack-tip angles leads to an increase in deflection angle, and a decrease 

in mechanical energy release rate. Very close agreement is observed between the model and FE 

predictions for both energy release rate and deflection angle.  

   The effect of variation in crack shape is illustrated in Fig.10 (a and b) for cracks with loading 

angle of 00 30&0 respectively. In these cases, the key shape parameters remain constant whilst 

the shape of the crack is varied. This was achieved by varying the radius of curvature in the circular 

arc section of the crack shape. Crack curvature has only a minor influence on fracture parameters, 

as anticipated in the original hypothesis. This implies that a wide range of cracks may be simulated 

reasonably accurately by analogy with simplified crack shapes. Crack curvature does seem to have 

a slight effect, especially when the radius of curvature near the crack tip is small. This is in 

agreement with the findings of (Kitagawa et al., 1975).  

 

Curved Crack In Graded Materials 

   Crack paths and SIF magnitude profiles obtained using each of the approximated crack shapes are 

compared with these obtained using the entire crack-path shape, in Figs 11 to 15. SIF magnitude has 

been normalized with respect to the SIF for straight crack of the same length in a homogeneous 

specimen of the same dimensions and loading. This allows the influence of material property 

variation to be examined independent of the effects of crack length, which would otherwise 

dominate the variation of SIF magnitude. The normalized SIF magnitude profiles are plotted against 

crack-tip position in the horizontal direction so that variation across the interface region may be 

compared between the different crack-shape approximations.   

   Fig. 11 shows results for the asymmetrically-notched homogeneous specimen. Path predictions 

and SIF magnitudes obtained using crack-shape approximations show very good agreement with 

those obtained using the entire crack-path. In the homogeneous material specimen in Fig.11, the use 

of an approximated crack shape appears to have almost no effect at all on SIF magnitude 

predictions. Results for the bimaterial specimen are presented in Fig. 12. Deviation between results 

from approximated crack shapes and the entire crack path is more significant in this case. Fig. 12 

and 14 show the results for the two continuously graded specimens with different gradient 

steepness. Results for the discontinuously graded (step graded) specimen, which contained three 

steps, are shown in Fig. 15. 

   The presence of material inhomogeneity, in Figs 12 to 15, seems to cause greater deviations 

between results from approximated crack shapes and those obtained using the entire crack path. In 
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inhomogeneous specimens, the results predicted using straight deviated significantly from the 

results for exact crack shape. Those approximations tended to result in less deflection. This could be 

attributed to a slight skewing of the crack tip stress field, caused by the difference in crack tip 

orientation of the approximated and exact crack shapes. The piecewise linear approximation gave 

good predictions for all the configurations examined. 

   The crack path shows a cumulative deviation effect. In the first increments of crack growth, 

before any deflection has occurred, the exact and approximated crack shapes are identical, and then 

they become progressively more different as the crack propagate, as was shown schematically in 

Fig. 7(b). Concordant with this, differences in the crack propagation direction, due to the use of a 

crack shape approximation, are initially very small then these increase as the crack extends. 

Furthermore, the differences accumulate, and the differences between crack paths lead to further 

divergence.  

   For cracks in the specimen with some material inhomogeneity, the SIF magnitude varied 

significantly across the interface region. In Fig. 12, it increases sharply as the biomaterial interface 

is approached. A similar effect is observed as the crack approaches the two interfaces in the step 

graded specimen in Fig. 15. A more continuous variation in SIF magnitude is observed for the 

continuously graded specimens, though these still exhibit notable variation with crack tip position. 

The contrast between the results for linear property variation in Fig. 13 and those for parabolic 

variation in Fig. 14 highlights the importance of material property distribution in influencing crack 

tip stresses. 

   For the crack approaching the biomaterial interface in Fig. 12, SIF magnitudes varied significantly 

between simulations using different crack shape approximations. For a crack with tip situated 1 mm 

from the bimaterial interface, for instance, the relative SIF magnitude calculated for using exact 

crack shape is 1.8 times that calculated using the straight crack approximation. This means that 

using the straight crack approximation would lead to an overestimate of critical load by a factor of 

1.8. Similar comparisons may be made for crack in continuously graded and step graded specimens. 

These also show significant differences between SIF magnitudes obtained from different crack 

shape approximations.  

 

CONCLUSIONS 
   From this analysis, the following concluding points can be deduced, 

1. Curved cracks in homogeneous materials may be reasonably approximated by equivalent straight 

cracks for the calculation of mechanical energy release rates and deflection angles. 

2. Piecewise linear crack shapes provide a significantly better approximation than straight crack 

shapes. Accordingly, analytical solutions for piecewise linear cracks in graded materials would be 

very useful, and should be a focus of further work in this area.  

 

  

 

 

 

 

 

 

 

 

 

Fig. 1 Example of deviating crack showing key parameters 
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Fig. 2 Stress relaxation volume around (a) a straight internal crack under tensile loading (b) a 

curved edge crack under mixed mode loading 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Graded material specimen used in simulation   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Representative meshing of finite element modeling around the crack tip and crack front 
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Fig. 5 schematic diagram shows the sequence of procedure of crack propagation using 

ANSYS 

 

 

 

 

 

 

 

 

 

Fig. 6 Generic crack shapes used in FE validation (Stage I):A-Concave, B-Piecewise linear, C-

Convex(Stage I) 
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Fig. 7 Illustration of crack approximation (Stage II) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8a Effect of transverse deviation, d, on mechanical energy release rate and propagation 

direction under tensile loading ( =0
0
) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8b Effect of transverse deviation, d, on mechanical energy release rate and propagation 

direction under tensile loading ( =30
0
) 
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Fig. 9a  Effect of crack-tip orientation on mechanical energy release rate and propagation 

direction under tensile loading( =0
0
) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9b Effect of crack-tip orientation on mechanical energy release rate and propagation 

direction under tensile loading( =30
0
) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 10a Effect of variation in radius of curvature at crack tip on mechanical energy release 

rate and propagation direction under tensile loading( =0
0
) 
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Fig 10 b  Effect of variation in radius of curvature at crack tip on mechanical energy release 

rate and propagation direction under tensile loading( =30
0
) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Normalized stress intensity factor in homogeneous specimen for three cases of 

approximated cracks 
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Fig. 11 Normalized stress intensity factor in bimaterial specimen for three cases of 

approximated cracks 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 Normalized stress intensity factor graded specimen(with linear variation in Young's 

modulus) for three cases of approximated cracks 
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Fig. 14 Normalized stress intensity factor graded specimen(with parabolic variation in 

Young's modulus) for three cases of approximated cracks 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15 Normalized stress intensity factor graded specimen (with stepped linear variation in 

Young's modulus) for three cases of approximated cracks 
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  

 

List of Symbols 

a: Crack length, mm 

d: Transverse deviation parallel to the edge, mm 

E': Effective young's modulus, Mpa 

G: Mechanical energy release rate, J/mm
2 

h: Height of specimen, mm 

K: SIF, Mpa( mm  

k: Aspect ratio of the relaxation volume 

w: Gradient width, mm 

RE: Young's modulus ratio 

 : Crack tip position relative to loading direction, degree 

 : Gradient parameter 

 : Loading angle, degree 

 : Crack angle, degree 

 : Stress, Mpa  

 : Relative crack position 
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ABSTRACT: 
Tacheometry is used to measure the lengths of traverse sides, to check the more accurate taped 

distances in order to uncover gross errors or mistakes and to determine differences of elevation 

between points. It's most general use is found in the compilation of planimetric and 

topographic maps by field methods alone, by which distances, elevations and directions to 

points are to be determined from field control points whose positions have been established by 

a higher order of accuracy. 

The principles of stadia measurement by use of the transit or theodolite or total station is one 

of the main method of tacheometry. This paper presents the principles of stadia measurement 

and a computer program MSM (Modeling the Stadia Measurements). The program is 

formulated and written by using the Visual Basic language, Version 6. This version of the 

language is objecting oriented provided with comprehensive tools to simplify the task of 

programming and to provide the programmer with wide range of options for design of the user 

interface system. 

  :الخلاصة
كرر دقة لك  تكف  الاططا  الاجمالية التاكيوميتري يستعمل لقياس اطوال اضلاع المضمع, لتدقيق المسافات المسجمة والا

الطرائط الطبوغرافية ,وتعيين اطتلا  الارتفاعات بين النقاط. ويعتبر استعمال عام جدا ف  تجميع الطرائط البلانمترية 
بواسطة طرق الحقل لوحدىا, عن طريق قياس المسافات, والارتفاعات, وقياس الاتجاىات الى النقاط وذلك لتعيين نقاط 

 الارض  الت  اسست بدقة عالية. الضبط
 Total Station)ان مبادى  طريقة الستيديا والت  تتم بأستطدام اجيزة الترانست او الريودولايت او جياز المحطة الكاممة 

Instrument)  ى  واحدة من الطرق الرئيسية لمتاكيوميتري. ان ىذا البحث يعرض مبادى  طريقة الستيديا وتم عمل برنامج
وال جفال لغة بإستعمالتم اعداد البرنامج  .)easurements Mtadia Sodeling the M)(MSM)(اسمو حاسوب 

برمجة ولتَزويد المبرمجِ بتفكيمة المجيزة بالأدواتِ الفاممةِ لتَبْسيط ميمّةِ و المغةِ موجية  من نسطةِ ال. ىذه 6بيسكِ، نسطة 
 .واجيات البرامجواسعة من الطياراتِ لتصميمِ 
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1. INTRODUCTION 

The term tacheometry in surveying is used to denote the procedures for obtaining horizontal 

distances and difference in elevation by rapid indirect methods. The procedure is sometimes 

referred to as stadia, optical distance measurement or telemetry [4]. 

The stadia method is a rapid and efficient way to measure distances accurately enough for 

trigonometric leveling, some traverse, and the location of topographic details. Furthermore, a 

two-or three-man party can replace the three-or four-man party required in transit-tape surveys. 

The term stadia comes from the Greek word for a unit of length originally applied in 

measuring distances for athletic contests. The word denoted 600 Greek feet, or 606 ft 9 in. by 

present-day American standards. 

The term "Stadia" is now applied to the cross wires and rod used in making measurements, as 

well as to the stadia method itself. Stadia reading can be taken with modern transits, 

theodolites, levels, and Total Station [1]. 

2. BASIC PRINCIPLE: 
Stadia is based on similar triangles between the object, the focal point of lens, and the reticle 

of the instrument. The relationship is shown in Figure (1). 

 

If we let  

 ab = i, and  

 I = UW - LW  

I
ab

f
d

I

d

ab

f
 . ………….……………………….….………..………………..……. (1) 

then  

If f / ab = K, then d = KI and the horizontal distance, D, from the instrument to the rod is: 

D = KI + C …………………………..……………….………………….. (2) 

3. MEASUREMENT BY STADIA FOR HORIZONTAL SIGHTS 

The stadia method is based upon the principle that in similar triangles homologous sides are 

proportional. Thus in Figure (2), which shows an external-focusing telescope, light rays from 

points A and B passing through the center of the lens the form a pair of similar triangles AmB 

Figure (1): Sketch depicting basic geometric principles of stadia. 
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and amb. Here Ab=R is the rod intercept (stadia interval) and ab is the interval between the 

stadia wires [4]. 

Standard symbols used in stadia measurements, and their definition, are as follows: 

f = focal length of the lens (a constant for any particular compound objective lens). It can be 

determined by focusing upon a distant object and measuring the distance between the center 

(actually the nodal point) of the objective lens and the reticle. 

f1= distance from the center (actually the nodal point) of the objective lens to the plane of the 

cross hairs when the telescope is focused on some definite point. 

f2= distance from the center (actually the nodal point) of the objective lens to definite point 

when the telescope is focused on that point. When f2 is infinite, or very large, f1=f2. 

i= interval between the stadia wires (ab in figure (2)). 

f/i= stadia interval factor, usually 100. 

c= distance from the center of the instrument (spindle) to the center of the objective lens. It 

varies as the objective lens moves in and out for different sight lengths but is generally 

considered to be a constant [3]. 

C=c+f. C is called the stadia constant although it varies slightly with c. 

d= distance from the focal point in front of the telescope to the face of the rod. 

D= C+d = distance from the center of the instrument to the face of the rod. 

 

 

4. INCLINED MEASUREMENT                                 

When collecting measurements using stadia as presented earlier, the requirement of having 

horizontal sights is limiting in normal terrain. Thus, the stadia formulas need to be developed 

for inclined measurements. In Figure (3), the geometric relationships of an inclined stadia 

measurement can be seen. In this figure, the desired position of the rod is perpendicular to the 

line of sight as shown by r'. Since it is impractical in the field to hold the rod in this manner, a 

correction to the readings on the level rod r must be determined. From simple geometric 

relationships, it can be shown that the altitude angle of the line of sight, , is the same as the 

angle between positions of r' and r. For small vertical angles, we can make the assumption that 

the angle at the intersection of the upper wire line of sight and r' is 90°, and thus a simple right 

triangle relationship can be developed between the reading on the rod r and the corrected 

reading on the rod r' as :  

Figure (2): Principle of stadia, external-focusing telescope. 
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I' = I cos () ………………………………………………………………............................ (3) 

Making this correction to Equation (1), the slope distance between the instrument and the rod 

is [4]: 

S = KI cos() + C   …………………………………………….………….………….....…....(4) 

The Equation (3) can now be used to compute the horizontal distance between the instrument 

and the rod as [5]: 

H = KI cos
2
() + C    …………………….……………………………………………….….(5)       

    

Since theodolites and total stations read zenith angles, we can use the trigonometric 

relationships of sin (a) = cos (90-a) to derive a similar equation for zenith angle reading 

instruments as: 

H = KI sin
2
(z) + C   ……………………………….……..………….......................................(6)   

     

where z is the zenith angle of the line of sight. Similarly an equation for computing V is: 

V = KI cos() sin() = KI cos(z) sin(z)   ………………………..…………………….…..…(7)  

Note that in Equation (6), the term C sin (), or alternatively C cos (z) has been dropped since 

for small altitude angle or large zenith angles the value of the trigonometric functions is very 

small, and thus so is their product with C [4].  

Using Equations (2) and (6), an expression for the elevation difference between ground at the 

instrument station and at the rod can be derived as [5]: 

Elev = hi + V - MW ………………………………………………………………………...(8)                                  

 

Figure (3): Inclined stadia measurement. 
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4.1 STADIA TRAVERSES 
In a transit-stadia traverse, distances, horizontal angles, and vertical angles are measured at 

each corner. Reduction of stadia notes as the survey progresses provides elevations to be 

carried from hub to hub. Average values of stadia distances and differences in elevation are 

obtained from a foresight and a backsight on each line. An elevation check should be secured 

by closing on the intial point, or on bench marks near both ends for an open traverse [1].  

4.2 TOPOGRAPHY 
The stadia method is most useful in locating numerous topographic details, both horizontally 

and vertically, by transit or plane table. I n urban areas, angle and distance readings can be 

taken faster than a notekeeper is able to record the measurements and prepare a sketch [4]. 

4.3 STADIA LEVELING 
The stadia method is adaptable to trigonometric leveling. The h.i. is determined by sighting on 

a point of know elevation, or by setting the instrument over such a point and measuring the 

height of the horizontal axis above it with a stadia rod [2]. The elevation of any point can then 

be found by computation from the rod intercept and the vertical angle. If desirable a leveling 

circuit can be run to establish and check the elevations of two or more points [6]. 

5. PRECISION 
A ratio of error of 1/500 can be obtained for a transit-stadia traverse run with ordinary care. 

Short sights, a long traverse, and careful work may give ratios up to 1/100. Errors in stadia 

work are usually the result of poor rod readings rather than incorrect angles. An error of 1 min 

in reading a vertical angle does not appreciably affect the horizontal distance. The same 1-min 

error produces a difference in elevation of less than 0.1 ft on a 300 ft sight for any vertical 

angle [4]. 

6. MODELING THE STADIA MEASUREMENT 
The stadia measurement is modeled by Visual Basic language as software named MSM 

(Modeling the Stadia Measurements). The program is formulated and written by using Visual 

Basic, Version 6. This version of the language is objecting oriented provided with 

comprehensive tools to simplify the task of programming and to provide the programmer with 

wide range of options for design of the user interface system. Figure (4) shows the flowchart 

of this software.  

The input data for each one of these forms and the link between these forms are described in 

the following sections with the aid of flowcharts, which provide description for the logic and 

the steps followed in the development of the program. 

7. PROGRAM MENUS AND INPUT FORMS  

In Visual Basic programming the term FORM is usually used to refer to the graphical area 

appeared on the screen, which is used to hold objects that may be fields or tables containing 

values, graphics or text boxes for input the required data values. The form interface is used 

because most people are familiar with paper form. These forms are written in such away to be 

are user friendly and allow the data input to the program interactively. When the program 

(MSM) is run, the user presented with the form shown in figure (5). 

This form displays program name and version, if the user select "Traverse and Leveling" from 

the main program menu interface displayed on the screen. The main Form of (MSM) also 

contains the cases of plotting the traverse and the cases of the plotting profile, as shown in 

figure (5). 

 The cases of plotting the traverse are classified into eight cases (number of sides =(3), number 

of sides= (4), number of sides= (5), number of sides= (6), number of sides= (7), number of 

sides= (8) ), as it is clear in figure (5) and the cases of plotting profile classified into five cases  

(number of stations = (3), number of stations = (4), number of stations = (5), number of 

stations = (6), number of stations = (7),), as shown in figure (6). 
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Figure (4):  Flowchart of work steps. 

1. Vertical Distances for Backsight. 

2. Vertical Distances for Foresight. 

3. Backsight. 

4. Foresight. 

5. Height Instruments. 

6. Z, Q, and N. 

7. Adjusted Elevation of stations. 

Use Output Data (Adjusted 

Elevation of stations) and scale. 

 

MSM 

easurementsMtadia Sodeling the M 

Leveling Traversing 

Eight cases are depended on 

number of sides equal 3 or 4 or 5 

or 6 or 7 or 8 or 9 or 10. 

Five cases are depended on 

number of stations equal 3 or 4 

or 5 or 6 or 7. 

1. Points of traverse (p1, p2, p3 ……...). 

2. Sides of traverse (L1, L2, L3………). 

3. Lengths of sides (S1, S2, S3 ………). 

4.Known coordinates (EP1, NP1), Height Instrument 

(H.I), Constant (K), Elevation of first point (Elev.p1) 

and Midhhair. 

5.The Azimuth of sides (Az1.Az2, Az3,…..). 

6. The Vertical Angles of sides (Vangle1, Vangle2, 

Vangle3 ……….). 

1. Rod (Rod 1, Rod 2, ……...), Stations (sta.1, sta.2,……) 

and Intervals (S1, S2, ….) for Backsight. 

2. Rod (Rod 2, Rod 3, ……...), Stations (sta.2, sta.3,……) 

and Intervals (S1, S2, ….) for Foresight. 

3. Vertical angles (Vangle1, Vangle2, ………) for 

Backsight . 

4. Vertical angles (Vangle2, Vangle3, ………) for 

Backsight . 

5.Constant (K) and Elevation of point (TBM3). 

1. Horizontal and Vertical Distances for each side. 

2. Difference in elevation for each side. 

3. Adjusted elevation of the traverse stations. 

4. Departures and Latitudes for each side. 

5. Total correction for Departures and Latitudes. 

6. Correction for Departures and Latitudes for each 

meter from length of sides. 

7. Correction for Departures and Latitudes. 

8. Corrected Departures and Latitudes. 

9. Adjusted coordinates (Easting and Northing). 

Start 

Input Data for each case 

 

Input Data for each case 

 

Output Data for each case 

 
Output Data for each case 

 

Use Output Data (Adjusted 

coordinates (Easting and 

Northing)) and scale. 

 

Plotting Profile 

 
Plotting Traverse 

 

End 
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7.1 TRAVERSING 

Traversing design is described in eight cases of the following: 

Figure (5): The main page of (MSM). 

Figure (6): The main page of Leveling. 
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1. Case1: number of sides = (3). 

2. Case2: number of sides = (4). 

3. Case3: number of sides = (5). 

4. Case4: number of sides = (6). 

5. Case5: number of sides = (7). 

6. Case6: number of sides = (8). 

7. Case7: number of sides = (9). 

8. Case8: number of sides = (10). 

These menu items are described in the following sections. 

Case1: number of Sides = (3) 

If the user selects this option, the form shown in figure (5) is displayed on the screen.  First the 

user input information's the requirements of the first traverse and is listed below: 

1. Points of traverse (P1, P2, P3,). 

2. The sides of traverse (L1, L2, L3). 

3. Lengths of sides (S1 S2, S3). 

4. Known coordinates (EP1, NP1), Height Instrument (HI), Constant (K), Elevation of 

first point (Elev.p1) and Midhair. 

5.  The Azimuth of sides (Az1, Az2, Az3). 

6. The Vertical angles (Vangle1, Vangle2, Vangle3) 

When the user input the required data as displayed in figure (7/a), the program begins the 

calculation of the elements (Horizontal Distance for each side, Vertical Distance for each side, 

Difference in Elevation for each side, Adjusted Elevation of the Traverse Stations,  Departure 

of Sides, Sum of Departures, Latitude of Sides, Sum of Latitudes, Total Correction for 

Departures and Latitudes, Correction for Departure and Latitude for each meter from Length 

of Sides, Correction for Departures, Correction for Latitudes, Sum Correction for Departures 

and Latitudes, Corrected Departures, Corrected Latitudes, Sum Corrected Departures, Sum 

Corrected Latitudes and Adjusted Coordinates (Easting and Northing of Points)) as shown in 

figure (7/b).  

Figure (7/a): Traverse (3 Sides). 
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The results of all elements (Horizontal Distance for each side, Vertical Distance for each side, 

Difference in Elevation for each side, Adjusted Elevation of the Traverse Stations,  Departure 

of Sides, Sum of Departures, Latitude of Sides, Sum of Latitudes, Total Correction for 

Departures and Latitudes, Correction for Departure and Latitude for each meter from Length 

of Sides, Correction for Departures, Correction for Latitudes, Sum Correction for Departures 

and Latitudes, Corrected Departures, Corrected Latitudes, Sum Corrected Departures, Sum 

Corrected Latitudes and Adjusted Coordinates (Easting and Northing of Points)) are saved in a 

text file as shown figure (7/c). Following that the transition traverse design process is 

considered completed the program enabled the user to go to the design of the next traverse in 

the alignment irrespective of its case (3 sides or 4sides or 5 sides or 6 sides or 7 sides or 8 

sides or 9 sides or 10 sides) or can exit the traverse design if it is the last traverse in the 

alignment. 

File Menu 

The menu items available under the file menu are Open, Save as, Save, Close, Print, and 

Exit. 

 When "Open" is selected, an existing design text file can be selected to open and made 

available to the user for seeing the calculated results or edit an existing file as shown in figure 

(7/d). 

Figure (7/b): Traverse (3 Sides) Input and Computation [4]. 
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 When "Save As" is selected, a new file is created. The current file is then copied to the 

new file on the disk or location specified by the user. 

   When "Save" is selected, an edited open file can be saved at any existing disk drive as     

shown in Figure (7/e).     

   When "Close" is selected, to close opened text file. 

 When “Print” is selected, to print text file. 

 When "Exit" is selected, the program terminates, and the user is returned to the 

operating system level. 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (7/c): The Result of the Output. 

Figure (7/d): Open file dialog box. 

Figure (7/e): Save file dialog box. 
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Case2: number of Sides = (4) 

If the user selects this option, the form shown in figure (5) is displayed on the screen.  First the 

user input information's the requirements of the second traverse and is listed below: 

1. Points of traverse (P1, P2, P3, P4). 

2. The Sides of traverse (L1, L2, L3, L4). 

3. Lengths of sides (S1, S2, S3, S4). 

4. Known coordinates (EP1, NP1), Height Instrument (HI), Constant (K), Elevation of 

first Point (Elev.p1), Midhair.  

5.  The Azimuth of sides (Az1, Az2, Az3, Az4). 

6. The Vertical angles (Vangle1, Vangle2, Vangle3, Vangle4). 

When the user input the required data as displayed in figure (8/a), the program begins the 

calculation of the elements (Horizontal Distance for each side, Vertical Distance for each side, 

Difference in Elevation for each side, Adjusted Elevation of the Traverse Stations,  Departure 

of Sides, Sum of Departures, Latitude of Sides, Sum of Latitudes, Total Correction for 

Departures and Latitudes, Correction for Departure and Latitude for each meter from Length 

of Sides, Correction for Departures, Correction for Latitudes, Sum Correction for Departures 

and Latitudes, Corrected Departures, Corrected Latitudes, Sum Corrected Departures, Sum 

Corrected Latitudes and Adjusted Coordinates (Easting and Northing of Points)) as shown in 

figure (8/b).  

 

The result of all elements (Horizontal Distance for each side, Vertical Distance for each side, 

Difference in Elevation for each side, Adjusted Elevation of the Traverse Stations,  Departure 

Figure (8/a): Traverse (4 Sides). 
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of Sides, Sum of Departures, Latitude of Sides, Sum of Latitudes, Total Correction for 

Departures and Latitudes, Correction for Departure and Latitude for each meter from Length 

of Sides, Correction for Departures, Correction for Latitudes, Sum Correction for Departures 

and Latitudes, Corrected Departures, Corrected Latitudes, Sum Corrected Departures, Sum 

Corrected Latitudes and Adjusted Coordinates (Easting and Northing of Points)) are saved in a 

text file. Following that the transition traverse design process is considered completed the 

program enabled the user to go to the design of the next traverse in the alignment irrespective 

of its case (3 sides or 4sides or 5 sides or 6 sides or 7 sides or 8 sides or 9 sides or 10 sides) or 

can exit the traverse design if it is the last traverse in the alignment. 

 
 
 

Plotting Traverse  

When this option is selected the figure shown in (8/b) presented to the user. The user has to 

input the following information: 

 Corrected Easting of points (EP1, CorrEp2, and CorrEp3,……………………….……). 

 Corrected Northing of points (NP1, CorrNp2, and CorrNp3,…………………………..). 

 Scale (S). 

Figure (8/b): Traverse (4 Sides) Input and Computation [4]. 
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When these data are input the computer program  and when the user selects "plotting 

traverse" button to begin by drawing the points are illustrated in the below figures 

(9/a),(9/b),(9/c),(9/d),(9/e),(9/f),(9/g) and figure (9/h) . The program output result is saved for 

later use by the user in a text file.  

  

 

 

 

Figure (9/a):  Plotting Traverse (3 points) Input and Plotting. 

Figure (9/b):  Plotting Traverse (4 points) Input and Plotting. 

Figure (9/c):  Plotting Traverse (5 points) Input and Plotting. 
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Figure (9/d):  Plotting Traverse (6 points) Input and Plotting. 

Figure (9/e):  Plotting Traverse (7 points) Input and Plotting. 

Figure (9/f):  Plotting Traverse (8 points) Input and Plotting. 
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7.2 LEVELING 

Leveling design is described in five cases of the following: 

1. Case1: number of Stations = (3). 

2. Case2: number of Stations = (4). 

3. Case3: number of Stations = (5). 

4. Case4: number of Stations = (6). 

5. Case5: number of Stations = (7). 

These menu items are described in the following sections. 

Case1: number of Stations = (3) 

If the user selects this option, the form shown in figure (6) is displayed on the screen.  First the 

user input information's the requirements of the first leveling and is listed below: 

Figure (9/g):  Plotting Traverse (9 points) Input and Plotting. 

Figure (9/h):  Plotting Traverse (10 points) Input and Plotting. 
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1. Stations (Sta1, Sta2), Rod (Rod1, Rod2) and Interval (S1, S2) for Backsight. 

2. The Vertical angles (Vangle1, Vangle2) for Backsight. 

3. Stations (Sta2, Sta3), Rod (Rod2, Rod3) and Interval (S2, S3)   for Foresight. 

4. The Vertical angles (Vangle2, Vangle3) for Foresight. 

5. Known Elevation of point (TBM2) and Constant (K). 

When the user input the required data as displayed in figure (10/a), the program begins the 

calculation of the elements (Vertical Distances for Backsight, Vertical Distances for Foresight, 

Elevation of the Stations, Backsight and Sum of Backsight, Foresight and Sum of Foresight, 

Height Instrument, Z, Q and N) as shown in figure (10/b). 

 

 
 

The results of all elements (Vertical Distances for Backsight, Vertical Distances for Foresight, 

Elevation of the Stations, Backsight and Sum of Backsight, Foresight and Sum of Foresight, 

Height Instrument, Z, Q and N) are saved in a text file. Following that the transition leveling 

design process is considered completed the program enabled the user to go to the design of the 

next leveling in the alignment irrespective of its case (3 stations or 4 stations or 5 stations or 6 

stations or 7 stations) or can exit the leveling design if it is the last leveling in the alignment. 

  

 

 

Figure (10/a): Leveling (3 Stations). 



Journal of Engineering Volume 15 June  2009       Number   2 
 

 

 0136 

  

 

 

Case2: number of Stations = (4) 

If the user selects this option, the form shown in figure (6) is displayed on the screen.  First the 

user input information's the requirements of the second leveling and is listed below: 

1. Stations (Sta1, Sta2, Sta3), Rod (Rod1, Rod2, Rod3) and Interval (S1, S2, S3) for 

Backsight. 

2. The Vertical angles (Vangle1, Vangle2, Vangle3) for Backsight. 

3. Stations (Sta2, Sta3, Sta4), Rod (Rod2, Rod3, Rod4) and Interval (S2, S3, S4)   for 

Foresight. 

4. The Vertical angles (Vangle2, Vangle3, Vangle4) for Foresight. 

5. Known Elevation of point (TBM2) and Constant (K). 

When the user input the required data as displayed in figure (11/a), the program begins the 

calculation of the elements (Vertical Distances for Backsight, Vertical Distances for Foresight, 

Elevation of the Stations, Backsight and Sum of Backsight, Foresight and Sum of Foresight, 

Height Instrument, Z, Q and N) as shown in figure (11/b). 

 

 

 

Figure (10/b): Leveling (3 Stations) Input and Computation [4]. 
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Figure (11/a): Leveling (4 Stations). 
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Plotting Profile 

When this option is selected the figure shown in figures (10/b) and (11/b) presented to the 

user. The user has to input the following information: 

 Distances (D1, D2, and D3,……………………………………………………….……). 

 Elevation of Stations (ElevTBM2, ElevTP1, and ElevTP2,………..…………………..). 

 Scale (S). 

When these data are input the computer program  and when the user selects "plotting profile" 

button to begin by drawing the points are illustrated in the below figures 

(12/a),(12/b),(12/c),and figure (12/d) . The program output result is saved for later use by the 

user in a text file.  

Figure (11/b): Leveling (4 Stations) Input and Computation [4]. 
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Conclusions: 

From the results obtained in research, the following conclusions can be made:- 

1. The stadia measurement is modeled by Visual Basic language as software named MSM 

(Modeling the Stadia Measurements). The program is formulated and written by using Visual 

Basic, Version 6. 

2.  The software that were developed in this research has been tested by performing the stadia 

measurements method and proved to be efficient. 

3. The solution problems of traversing and leveling in manual method is more complex if 

compared to the solution by software programming of the same problem. 

4. The developed program (MSM) needs less time as compared to the manual method in order 

to solve the problem. 
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