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Fuzzy Logic Approach for Metal Casting Selection Process 
*

Abstract 

Kasim M. Daws , Zouhair I. AL-Dawood  , Sadiq H. AL-Kabi 

   Mechanical Engineering Department, University of Baghdad, Baghdad, Iraq 

Selecting the proper materia ness of the choice has a 
significant impact on part performance and cost. A poorly selected material adds unnecessary cost and may 
affect  of processing. In this paper an automated advisory material selection system is designed. The 
desig  
selec
evalu
mode
weig
A co
decis
capa g of that 
altern  
appro  
datab

 

Keywords: Materials Selection; Fuzzy Logic; Weighted Algorithm.

l is a vital step in the design process because the appropriate

 the ease
ned system is named (CAMS). The objectives of this system are to solve the problems of Materials
tion and evaluation (M/P&E) activities. The designed system depends on methodology for selection and 
ation of materials that are based on a number of user-specified attributes or requirements. The decision 
l enables the representation of the designer’s preferences over the decision factors, and it is based on 

hted property index (W.P.I) algorithms to determine the relative importance of each requirements. 
mpatibility rating between product profile requirements and the alternatives stored in the database for each 
ion criteria are generated using fuzzy logic (F.L) methodology. These requirements were matched with the 
bilities of each (alloy) or material. The compatibility ratings are aggregated into single ratin
ative’s compatibility. A ranked set of compatible alternative alloys is produced t by the system. This
ach has advantages over the existing systems that don’t have a decision module or are not integrated with a
ase. 

© 2009 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved

1. Introduction    

orrect materials for a design is a 
key step in the process because it is a crucial decision that 
links co
draw
manu
usefu
mater
multi
are 
envir
param
select
manu
indic
aroun
the de
[4].  

In this paper, a development of an advisory system is 
called C
aids 
objec
select
satisf
indic
the se

                                                          

* 

The selection of the c

mputer calculations and lines on an engineering 
ing with a working design. Materials and the 
facturing processes, which convert the material into 
l part, strengthen all of engineering design. [1]. The 
ial and manufacturing process selection problem is a 
-attribute decision-making problem. These decisions 
made during preliminary design stages in an 
onment characterized by uncertain requirements, 
eters, and relationships. Material and process 
ion (MPS) decisions occur before design for 
facturing (DFM) can begin [2, 3]. Studies have 
ated that although the cost of product design is only 
d 5% of the total product cost, decisions made during 
sign stage affect (70 – 80 %) of the final product cost 

omputer Aided Material Selection (CAMS) that 
the designer in decision-making (D.M). The 

tives of the designed system are to evaluate and 
 the optimal and alternative materials (alloy) that 
y the design specifications. The system (CAMS) 
ates to the designer the compatibility degree between 
lected materials (alloy) to all the specified properties 

 
* Corr

and characteristics, and then these selected materials are 
ranked according to their compatibilities.  

2.

n on international 
markets forced many firms to search for new methods of 
prod
b  
b  
su
q
m
p
re
h
en  
th  
g  
re  
cl
[1
cl
at
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coesponding author. Ziaa04@yahoo.com. 

 Importance of Materials Selection 

The increasingly tough competitio

ucing high quality products at low cost. Designing for 
etter products must take into consideration the balance
etween cost, quality, and performance triplex. To achieve
ch objectives, designers must use quantitative and 

ualitative techniques. The possible advantages result from 
anufacturing by using more flexible methods of 

roduction and more efficient equipment [5].  The 
cognition of importance of materials selection in design 

as increased in recent years. The adoption of concurrent 
gineering methods has brought materials engineers into
e design process at an earlier stage, and the importance

iven to manufacturing in present day product design has
inforced the fact that materials and manufacturing are
osely linked in determining final product performance 
]. Figure (1) shows the structure for material 
assification, ending with a schematic of a record some of 
tribute [6]. 

3. General Criteria in Material Selection Process

tion of materials on the basis of performance 
aracteristics is the process of matching values of the 

roperties of the materials with the requirements and 
nstraints imposed by the design. Selection on the basis 
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of processing characteristics deals with finding the process 
that will form the material into the required shape with a 
minimum of defects at the least cost. Selection on the basis 

of an environmental profile is concerned with the 
impa
envir
mater
the mater
follow
1. Pe
2. Pr
3. En
4. B

requi

a- St
ee of retention in 

Such 

 
Such te desired. All 

ies are best suited to 
the ap

Some 
selector 
can r
[8]:  
1. Th

es for data acquisition and updating. 

importance for each application or a specific situation. The 
differences between factors (properties) depend on the 
design requirement for each part. Then each property has a 
degree of importance differ from another property. Each 
in  
(0
d
b  
sc  
th  
d
v
v

β
β
NVP = Numerical value of property 
LV onsideration 
For properties such that it is more desirable to have low 
v  cost, and electrical 
re  follows [1]: 

N  

5. oach 

 the elements of artificial 
popularity and applications in 

control s
o  
an  
m  
im
[9
re
an
co

Figure 2. Fuzzy mapping of process capability [9]. 

W
V he absolute minimum value. 
V
V
V
V

v  
ju  
an
ca  

ct of the material throughout its life cycle upon the 
onment. The chief business consideration that affects 
ials selection is the cost of the part that is made from 

ial [1]. Materials are selected on the basis of the 
ing four general criteria [1]:  

rformance characteristics (properties). 
ocessing characteristics. 
vironmental profile . 

usiness considerations . 

Figure 1. A hierarchical structure for material classification [6].  
There are literally hundreds of different properties of 

mater
material for
the fu
equal
and e
pertin
affect
perfo

ials. The most important to consider when selecting a 
  a given product are those that are essential to

nction of the product. Generally, most designers put 
 importance on the factors of properties, availability, 
conomics, which list these factors along with some 
ent sub factors [7]. One of the critical factors 
ing  material selection practice is the function and 
rmance requirement. Functional and performance 
rements for materials include [7]: 

ructural Requirements: 
Such as strength, stiffness, and their degr
adverse service environments. 

b- Non structural Requirements: 
as corrosion resistance, electrical or thermal 

performance, plus color and texture. 
c- C-Design & Production Criteria:  

as part size, shape, and production ra
determine which process and technolog

plication. 
attributes which knowledge based materials 

needs to process are suggested. A selector, which 
eason with a large number of diverse materials, needs 

e ability to deal with simple and complex data 
structures . 

2. Powerful structur
by modifications. 

3. To manage spares data. 
tions. 

. 

In m
that 
manu

4. To compare incomplete descrip
5.  To reason with appropriate classifications
6. To model confidence . 
7. To maintain consistency. 
8. To be easily extensible.  

4. Methodology of the Weighted Approach 

aterial / process selection, there are many factors 
are affected in selection material or alloy to be 
factured. These factors are different in degree of 

put property is assigned a weight between (0 and 1), with
) being unimportant and (1) being very important. Since 

ifferent properties are expressed in different units, the 
est procedure is to normalize these differences by using a
aling factor.  Scaling is a simple technique to bring all
e different properties within on numerical range. Since

ifferent properties have widely different numerical 
alues, each property must be so scaled that the largest 
alue does not exceed 100 [1].  

 = (NVP / LV) 100 (1) 

 = Scaled property 

  = Largest value under c

alue e.g. density, corrosion loss,
sistance, the scale factor is formulated as

 = n (n-1) / 2 (2)

 Fuzzy Logic Appr

Fuzzy logic (F.L.) is one of
intelligence that is gaining 

ystems and pattern recognition. It is based on the 
bservation that people make decisions based on imprecise
d numerical information. Fuzzy models or sets are
athematical means of representing vagueness and
precise information, Accoedingly the term used is fuzzy 
]. These models have the capability of recognizing, 
presenting, manipulating, interpreting, and utilizing data 
d information that are vague and lack certainty. The 
ncept of fuzzy can be illustrated in figure (2).   

here: 
= tmin-abs 

min-des = the desire minimum value . 

req       = the requirement value. 

ma e. x-des = the absolute maximum valu

ma

In fuzzy logic approach, the part p
x-abs = the desire maximum value. 

rocess compatibility 
alue will gradually grow from 0 to 1, instead of suddenly
mping from 0 (incompatible) to 1 (fully compatible). For
alysis, the process of compatibility and the range of 
pability are needed in the previous values to be mapped
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on a normalized scale as in the previous figure. If the value 
of part requirement falls within Vmin-des and Vmin-abs then 
the compatibility is considered to be fully compatible. If 
the part requirement value is between Vmin-abs and Vmin-des , 
or be
consi
requi
, then 

Th
can b

P(xi

P(xi )  - V n-abs) if  
Vmin- (6

P(xi max- max-des
Vmax-des i max-abs (7) 

P(xi i  max-abs (8

Fu  de
succe l,
evaluatio
of int
criter

6. Me

for selection 
material
it is s
The 
comp
produ
perfo
produ
appli
degre
differ
of c
selec
appro
meth

In
a datab
refere
alloy
comp
other
alloys
mech
name
(FLA
value
elimi

To
syste
sub-w

2. Properties Required,      
3. Properties priorities,  
4. Material Selection,        
5. Evaluation , and    

ows contained questions about 
s and specifications. The third 

ser about the preference degree of each 
selec  
al
sp
ev
ea
d
p
cl

8.

the (CAMS) system, we 
select bearing cover (B.C) part that is used in many 
appli
se
sp
b

T

The system will display the special window for 
mate
co

red properties for (B.C) part 
w
w
p  
d
fr  
fo  
(4

p  
ea  
m  
w  
u
p
considered most importance than other properties. This is 
il

sy
sp
st  
sc  

tween Vmax-des and Vmax-abs , then the compatibility is 
dered to be less than 1 but more than 0. If the part 
rement value is less than Vmin-abs or more than Vmax-abs 

the compatibility is considered to be zero.     
e compatibility P(xi) for a value xi of an attribute i 

e calculated by using the following equations [9]:   

) =

6. Final Results. 
The firs and second wind

the required propertie
window asked the u

ted property. The fourth window gave the selected
loys with degrees of compatibility’s to ensure the 
ecified properties. The fifth window gave the 
aluations for each selected alloy with compatibility to 
ch property. The final window gave the final results with 

raw diagrams to show the total compatibility with 
roperties to select optimal and alternative alloys; we will 
ear the application of the system form case study. 

 Case Study 

 1 if Vmin-des < xi < Vmax-des (5) 

) = (xI – Vmin-abs  / (Vmin-des mi
abs < xi < Vmin-des ) 

) = (Vmax-abs – xi) / (V abs - V ) if 
 < x < V  

) = 0 if xi  < Vmin-abs , or x  > V  ) To evaluate the working of 

cations like in ceiling fan. Then the problem is to 
lect the type of alloy that are satisfied (B.C) part with 
ecifications and quality. The required specifications can 

e illustrated in table (1) as follow: 

able 1. the required material properties for producing (B.C) part. 

zzy technologies and vices can be applied 
ssfully in areas such as robotics, motion contro  

n of design alternatives, decision making, design 
elligent systems, materials selection involving multi-
ia, image processing, and machine vision [10]. 

thodology of Materials Selection 
Mechanical properties Physical Properties 

The methodology used in this paper 
 is one of the artificial intelligence techniques, and 

uitable when there is fuzziness in the in requirements. 
material selection module assesses the degree of 
atibility between a material alternative and the 
ct profile requirements. Material compatibility is 
rmed via selection queries on the database for each 
ct specifications. The queries are based on the 

cation of fuzzy logic approach to determine the 
e of compatiblity for each material. This approach 
s from existing approaches in determining the values 
ompatibilities for both optimal and alternatives 
tion alloys, and this doesn’t exist in the other 
aches.  Then this method is more accurate than other 

ods.  
 this paper, we selected aluminum and steel alloys as 

ase in material selection database dependent on 
nces [11], [12], and [13]. There are about seventy 

s of aluminum and steel with different chemical 
osition. Then each alloy gave properties different to 
 alloy. To select the optimal alloy from alternative 
, the user or designer can inter the range of values for 
anical properties with degree of accuracy required or 
d fuzzy limit. Then by using fuzzy logic approach 
) as mentioned in previous section, any alloy that has 
s out of the range of absolutely limits will be 
nated. 

Specif   

 

ic Gravity    medium

Density                  minimum

Other Properties: 

Tensile stre 0) Mpa 

Y

El

B

Very Good 

 

 

ngth range   (220  to 28

ield stress range          (140  to 180) Mpa 

ongation range             (1     to   3  ) % 

rinell Hardness             (60  to  100) HB 

Castability           

Weldability          Very Good

Corrosion resistance      Good

rial selection as shown in figure (3), this window 
ntains six sub-windows. 
To determine the requi

hich are the range of values of mechanical properties 
ith fuzzy limit for each property is interned.  For physical 
roperties, specific gravity, with medium and minimum
ensity, is selected. For other properties, capability degree 
om the command bottom shoulde be very good, and good
r corrosion resistance is also selected as shown in figure
).    
The selected properties are not equal in degree of 

reference. Then to determine the degree of importance for
ch property, a click on command property priorities is
ade. In this case, the system will display sets of small
indows containing only two properties that will ask the
ser about which property is preferred over other 
roperties. The user must click on the property that is 

lustrated in figure (5).      7. Computer Aided Material Selection (CAMS) 

 select the optimum alloy or alternative alloys, the 
m will display the main window, which contains the 
indows are: 

After determining weights for each property, the 
stem will display all the alloys that satisfied all the 
ecified properties. The working of the system in this 
age takes two steps: first step screening all the alloys that
reened in application environment phase (i.e any alloy1. General Applications Environment,  
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Figure 3 .Application environment window.   

Figure 

 
 

4. Materials properties window for (CAMS) system .  
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.physical, and other properties). The weights for each 
property with its diagrams can be illustrated in figure 
(6).Then the system will display the optimum alloy with 
all alternative alloys, and draw in a diagram of each alloy 
wit  as 
sh

Figure 5. Pair comparison properties window. 

h degree of compatibility to each specified property
own in figure (7).  

Figure 6. Weights drawing window . 

Figure 

 
 

7. Evaluation alloys window. 
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does not satisfy the specified mechanical properties will be 
eliminated) and give each satisfied alloy value of 
compatibility with respect to mechanical properties. The 
second step is ranking the satisfied alloys according to the 
degre
.phys
prope
(6).T
all al
with 
show

Fr
make
maxi
requi
the (D
take i
the p
diagr
the al

 T
displa
chem ill display all the properties 
for the se
of th
prope

9. Co

at is used in this paper for selection 
 one of the artificial intelligen

techniqu
in req
selec
to ev
requi
repres
show
prope

A
the o  319) with
degree o
%.  A
accor

alloy does not exist in the company, the alternative alloy is 
(Aluminum 336) with degree of compatibility 82 %. The 
degrees of compatibility that are obtained from the system 
are varying from part to part and depending on the user 
p  
d  
al  
ca
H  
d  
T  
d
u

R
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tion, November 5-10, 2000.          
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e of compatibility with all other properties (i.e, 
ical, and other properties). The weights for each 
rty with its diagrams can be illustrated in figure 
hen the system will display the optimum alloy with 
ternative alloys, and draw in a diagram of each alloy 
degree of compatibility to each specified property as 
n in figure (7).  
om the above window, the designer or the decision 
r (D.M) can select the optimal alloy which has the 
mum compatibility degree with the specifications 
red. If the optimal alloy doesn’t available or costly, 

.M) can select the other alternatives available alloys 
nto the consideration the degree of compatibility with 
roperty required. Also the (D.M) can benefit from the 
ams that are drawn for each property with respect to 
loy compatibility. 
he final step is where the (CAMS) system will 
y the selected optimum or alternatives alloy with 
ical composition, and w

lected alloy, and will draw the diagram for value 
e total compatibility with respect to all specified 
rties.     

nclusions 

The methodology th
material selection is ce [

es, and it is suitable when there is fuzziness in the 
uirements. The designed system serves not only to 

t the optimum or alternative material, but also to serve 
aluate the degree of compatibility with specifications 
rements. The (CAMS) system gives the real 
entation in a diagram for each selected material for 

ing the degree of compatibility with respect to 
rties or characteristics are required.   
fter applying the (CAMS) system on the part (B.C), 
ptimum alloy that is selected is (Aluminum  

[13]
f compatibility for the specified properties is 84 

lso there are other alternative alloys that are ranked 
ding to the degree of compatibility. If the optimum 

reference to the required properties or requirements. The
iagrams of compatibilities that are drawn between each
loy or to each property are clear real representation of
pability for each alloy to the satisfied requirements. 
ence, the designer can benefit from these diagrams in
ecision making for selecting the most preferred to him.
he alternatives selected alloys / processes enable the
esigner to make some of modifications in the design stage 
ntil reaching satisfaction of the requirements of design.   
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This paper reports the results of experimental work on the flow of Dead Sea mud through a circular pipe. The dependence of 
the discharge of the Dead Sea mud in pipe on water content is examined for four different mud-water mixtures that were 
pumped through a horizontal pipe. A mathematical model describing all observed phenomena was developed. Experimental 
result  
obtai  
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s were compared with prediction, using shear stress power law equation, and good agreement was obtained. The
ned results may find their application not only in the transportation of Dead Sea mud, but also in assessing the pumping
rements for the transportation of dredged cohesive mud at in-situ water content. 
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Nomenclature     

k flow consistency index 
L 
n 
P 
Q 
r 
R  

 
axial

 
Greek letters 

*

pipe length 
flow behavior index 
pressure 
volumetric flow rate 
radial direction (m) 
pipe radius (m) 

υ slurry velocity (m/s) 
z   direction (m) 

μ  viscosity (N.s/m2)  
 
 

 
Subsc
z 
app 
inlet 
L outlet 
rz unit area perpendicular to the 

r-dir

1.  Introduction 

One of the most raved-about muds in the world comes 
from the
the D
conte
(beca
and o

                                                

τ shear stress 
θ angular direction 

 
ripts 

rection axial di
apparent 

in z-direction on a 
ection. 

 Dead Sea in Jordan. Detailed information about 
ead Sea and the effect of brine evaporation on its 
nt were discussed in [1]. Dead Sea black mud 
use of its color) is a mixture of Dead Sea minerals 
rganic materials naturally formed over thousands of 
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years on the bed of the Dead Sea. Physical properties, 
chemical, and mineralogical compositions of the Dead Sea 
m
E
co  
m  
re
Its
b  
b
d
ce  
co

products are manufactured from the Dead Sea black mud. 
La  
sp  
D
w  
th
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ab . 
H
p
m  
m
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h  
h  
d  
T  
S  
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ud were investigated for three different locations on the 
astern shore of the Dead Sea [2]. Due to its mineralogical 
ntents, Dead Sea black mud replenishes the skin
inerals essential for renewal and regeneration by
moving toxins and dead cells with an exfoliating action. 
 cleans, purifies, and rejuvenates skin tissue giving a 

righter complexion [3-4]. Black Mud also stimulates
lood and lymph circulation, increasing Oxygen intake and 
raining trapped fluids. It is therefore effective in treating 
llulite and in alleviating arthritic and rheumatic
nditions [5-6] 
Different skin care products, bath salts, and cosmetics 

rge amount of this mud has to be collected, using
ecial scoops, from different locations on the shore of the
ead Sea, then transported by trucks to the company site 
here the mud is pretreated and packed in small portions,
en shipped to different manufacturers.  

In this manuscript, we suggest hydraulic transportation
 Dead Sea mud instead of dealing with the mentioned-
ove tedious process of mud collection and handling
ydraulic transportation of Dead Sea mud in a circular 
ipe requires mixing the mud with water to decrease the 
ud viscosity, and accordingly friction. In order to
inimize the mud pretreatment cost, industries which will 

ump Dead Sea mud will be under continuous pressure to
ecrease water content and increase mud concentration. At
igh concentration, the viscous forces, which are usually
ighly non-Newtonian and yield stress in nature, become
ominant, and mud flows inevitably becomes laminar [7].
he objective of this paper is to demonstrate that the Dead
ea mud can be pumped from its source to the exploiting
dustry and to show and evaluate the impact of changing
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non-Newtonian viscous stresses have on pipelining 
problem.   
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Figure 1. Experimental Setup. 

2. Experimental Setup 

One of the problems that are facing the industrial 
ea Mud is the mud 

transport. Unlike pure water transport, mud transport is 
very co
comp
in a v
stress

companies that deal with the Dead S

mplicated and expensive because of both its 
osition and high viscosity. High mud viscosity results 
ery high shear stress while flowing. The high shear 
 can be overcome only by having a very high 
ure drop that needs to be generated by special pumps.  
s it can be seen from Figure 1, the experimental setup 
sts of five-pipes network consisting of ¼ inch, 
nal size pipe branch, a ½ inch branch, a ¾ inch 
h, a 1 inch, and 2 inch branch all galvanized, 
ule 40 were assembled. The setup can operate as 
d or open loop system. The closed loop system 
sts of a storage tank, a pump, a pressure regulator, 
otameters (low and high range), and a differential 

ure gauges (DP). Only the pipe with an inside 
eter ½” and length 2m was used in this study and the 
m operated as closed loop, which consists of a storage 
a pump, four valves and a manometer to measure the 
ure drop. Distilled water was added to the Dead Sea 
to prepare slurries with four different concentrations.  

thematical Model 

Flow of fluids in circular tu
onomical and rapid transportation method than 

s, such as those involving conveyor systems. The 
ematical model that describes the mud flow inside a 
is developed based on the basic principles of 
uity and momentum equations. The z-component of 
avier-Stokes momentum equation is simplified for 

y state, laminar, incompressible and isothermal mud 
 flow in a horizontal pipe, as shown in Fig 1. It was 
lated that the only non-vanishing velocity component 
 axial velocity ( zυ ). The axial velocity, for fully 
oped flow, is a function of radial direction. 
lification of the z-component of momentum equation 
 an expression for shear stress as follows: 

r
L2

PP 0L
rz

−
=τ  (1

Wher ); i
the inl

the radial direction. The non-Newtonian power law of 
viscosity, [9], is used for the Dead Sea mud slurry as: 

) 

e LP  is the outlet pressure (at z = 0P s 
et pressure (at z = ; L is the pipe length; and r is 

L  
0 )

n

z
rz dr

k 




−−=  (2)

d  υ
τ  

Where: k is the flow consistency index and n is the 
flow behavior index. Inserting Eq. (2) into Eq. (1), 
rearrange and integrate, then apply the no-slip condition at 
the wall ( ) to determine the integration 
co

 0)Rr( ==υz
nstant. The final velocity profile expression will be: 
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The velocity profile in Eq. (3) can be used to calculate

1- The slurry maximum velocity ): 

T  and 
has the valu

: 

( max,zυ
he maximum velocity occurs at the centerline (r = 0)

e 

n
1n

n
1

nPP 0L
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 −
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υ  (4) 

2- The slurry average velocity (  

The average velocity is obtained by dividing the total 
v -section a: 

average,zυ ):

olumetric flow rate by the cross al are
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3- The slurry volumetric flow rate (Q):   
The volume rate of flow is the product of area and 

average velocity, thus:  

)R(
1n3

1n
R

1n

n

kL2

PP

)Area)((drdrQ

20L

average,z

0 0

z

n
1n

n
1

π





+
+









+






 −
=

υ=θυ=

+

 
  (6) 

Table 1. Dead Sea and distilled water content (Vol. %) in different 
ru

mber Distilled Water Dead Sea Mud 

2 Rπ

ns. 

Run Nu

1 10 90 

2 15 85 

3 20 80 

4 25 75 

4. Results and Discussion 

F
d
T

our experimental runs were carried out based on 
ifferent Dead Sea mud volume fractions, as shown in 
able 1. The slurries were prepared by adding distilled 
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water with volume factions of 10%, 15%, 20% and 25%, 
to the Dead Sea mud volume fractions, shown in Table 1. 
The obtained suspensions, and before being used, were 
stirred continuously for 30 minutes.  

Se
press
stated
mixtu mple of the slurry 
was coll
solid 
meas
respe

Table 
Conce

Ex  
1 2 3 4 

veral tests of slurry runs were carried out at different 
ure drops. Prior to each run, the slurry was mixed as 
 above for a time sufficient to achieve homogeneous 
re. For each run, a representative sa

ected to measure its density and percentage of 
by weight and volume. The results of these 

urements are shown in Tables 2, 3 and 4, 
ctively. 

2. Density of Dead Sea Mud Slurry for Different Mud 
ntration. 

perimental Run
Number 

Sl
Densit

1103 1067 1062 1038 
urry Averaged 

y, 
3/ mkg  

Table 3. Per  weight for different concentrations of  
the Dead  in the slurry 

Experimental Run 

cent of solid by
 Sea Mud

Number 
1 2 3 4 

Percent of solid by 
53 9.88 8.40 6.99 

weight 
14.

 
Table 4. Per the  wit rent 
mud concentratio           

cent of solid by volu
ns.      

me for slurry h diffe

Experimental Run 
Number 

1 2 3 4 

Total volume (ml) 390 250 415 236 

Volume of s 114 61 90 38 olid (ml) 

Percen
v

23 4.40 21.69 16.10 
t of solid by 

olume % 
29.  2

 

Figure 3. Volumetric  Flow Rate Versus Pressure Drop for 
Slurries with Different Dead Sea Mud Volume Fractions . 

Figure 4. Shear Stress Versus Shear Rate for the Case of 90% 
Dead Sea Mud. 

 slurry flow rate at different compositions. 
Also  
th  
b  
d  
sh  
N
o  
ca  
d  
b
h

 
p  
p

Figure 2. Slurry Volumetric Flow Rate Versus Pressure Drop for 
the Ca

Fig nditions and measured 
exit slurr
volum
nonlin
pressu
chang
becom
behav
drop 
volum
obvio

se of 90% Dead Sea Mud. 

ure 2 shows the operating co
y flow rate for the case of 90% Dead Sea mud 

e fraction. As Fig. 2 shows, the slurry flow rate has 
ear relationship with the pressure drop. For small 
re drop, slurry flow rate is almost negligible and 
es in linear fashion, and when the pressure drops 
es greater than 10 kPa/m, the deviation from linear 

ior starts. The volumetric flow rate versus pressure 
for other slurries with different Dead Sea mud 
e fractions are shown in Fig. 3. From this figure, it is 

us that at low pressure drop, 10 kPa/m, there is no  

difference in
, at higher pressure drop, 25 kPa/m, the flow rate for

e slurry with 75% Dead Sea mud is the highest. This can
e explained by the fact that when the volume fraction of
istilled water is increased, the slurry density decreases as
own in Table 2, and the slurry tends to behave as a
ewtonian fluid where smaller driving force is needed to 
vercome the resistance to the flow. Also, from Fig 3 one
n see that as the Dead Sea mud fraction in the slurry

ecreases, the volumetric flow rate – pressure drop curves
ecome less concaved. This is seen very clear for the 
ighest water volume fraction in the slurry (25%). 

For unidirectional, laminar and steady flow in a circular
ipe, the shear stress τ , in Pa, at the inside wall of the
ipe can be calculated by )

w
/)(4/( LPDw Δ=τ  [8,9,

d 10], where D is the pipe inside diameter, and 
 the pressure drop in Pa/m. The shear stress rate for the
ow in the pipe can be calculated as 

3
 [10

1], and has a unit (1/s). Fig. 4 presents the experimental
ata for shear stress at the pipe inside wall versus the mean
ear rate for slurry with 90% Dead Sea mud volume 
action. The nonlinear relationship between shear stress 
d shear rate attests the fact that the used slurry is not
ewtonian fluid. Figure 5 shows a comparison between 
eady state slurry shear stress results for four different 
urry compositions (90%, 85%, 80%, and 75% Dead Sea
ud volume fractions). From this figure, one can see that
e shear stress and shear rate curve for the case of slurry
ith 90% Dead Sea mud is the highest, while the curve for
e slurry with lowest Dead Sea mud content is the lowest.
his could be explained by the fact that as more water is
ded to the slurry, it gets thinner and behaves closer to
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slurry, it is expected that the relationship between shear 
stress and shear rate, Fig 5, will become linear.  

Figure 5. Shear Stress Versus Shear Rate for Slurries with 
Different Dead Sea Mud Volume Fractions. 

Figure 6. Apparent Viscosity Versus Shear Rate for the Slurry 
with 90% Dead Sea Mud. 

Figure 7. Apparent Viscosity Versus Shear Rate for Slurries with 
Differ

From 
veloci
large
Newt
and c
shear
powe

In 
good
visco
appar

ent Dead Sea Mud Volume Fractions. 

Figures 4 and 5 at low values of flow rates (mean 
ties), the profiles are almost linear. Because of the 

 densities of the slurries (Table 2) in comparison with 
onian fluid, the straight lines pass through the origin 
loser to the shear stress axis. All the trends between 
 stress and shear rate attest to the validity of the 
r law assumption, Eq. (2), made for shear stress.  
order to check whether the obtained results are in 

 agreement with predictions (power law), the 
sity was expressed as an apparent viscosity. The 
ent viscosity, appμ , wa

as th
s calculated at each data point 

e shear stress divided by the shear rate. The slurry 

bserved for slurry with other composition (Figure 7). 
rom Fig., 7 it is obvious that the thinned with increasing
ear rate. To understand the exponential decrease

ehavior between apparent viscosity shear rate, the shear
ress power low equation, Eq. (2) is inserted into the 
parent viscosity expression to have: 

composites are restated here, using apparent viscosity 
versus shear rate as shown in Figure 6. It can be seen from 
this figure that the viscosity profile shows an exponential 
decrease as a function of shear rate. Similar trends were 
o
F  
sh  
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st
ap
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z

w
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Taking the logarithm of both sides of Eq. (7), we 
obtain: 
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Figure 8 shows the observed behavior be
apparent viscosity and shear rate (plotted on a log-log 
scale for 90% Dead Sea mud slurry). From Equation (8) 
and 
b
F  
v  
re  
n
ca
1  
d
fa
p
m
S  
compositions (Figure 9). It is rom this figure that the 
v
in

F ty Versus Shear Rate for the Slurry 
w

 
(8  
d  
th
ta  
ex

tween 

when 1n = , zero slope in equation (8), the slurry 
ehaves as a Newtonian fluid. This behavior is observed in 
ig 8 for small shear rate (less than 0.55/s) where the
iscosity of the slurry is about 23.89 Pa.s. Linear
gression for high shear rate (from 9 to 100 

1s −
) gives a

egative slope with a value of (-0.6894) from which one 
n determine that 3106.0n = , and an tercept of  

.5087 ( 5087.1klog = ) from which one can
etermine that 

3106.0s.2627.32k = . Because of the 
ct that the Newtonian fluid behavior region contains few 

oints, the entire ing a power law 
odel to have 507.0n =  and 

507.0s.Pa51.17k = . 
imilar trends were observed for slurries with other

clear f
iscosity is decreasing smoothly for all slurries with 
creasing shear rate.  

igure 8. Apparent Viscosi

in

Pa

 region can be fitted us

ith Dead Sea Mud Volume Fraction of 90%. 

Consistency index (k) and flow index (n) in equation
) were calculated using power regression analysis of the

ata for apparent viscosity versus shear rate. The results of
ese calculations at different slurry compositions are 
bulated in Table 5 for three cases: a) using all data; b)
cluding the data points that result in some scatter of the  
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Figure 9. Apparent Viscosity Versus Shear Rate for Slurries with 
Different Dead Sea Mud Volume Fractions. 

Table 
Indice

Run 1 Run 2 Run 3 Run 4 

5. Comparison Between Calculated Consistency and Flow 
s for Slurries with Different Dead Sea Mud Compositions.  

Case 
n 

k, 
ns.Pa n 

k, 
ns.Pa n 

k, 
ns.Pa n 

k, 
ns.Pa 

a 17.51 13.92 6452 9.91 8301 5.36 0.507 0.5571 0. 0.

b 0.4479 54 0.4855 .88 0.5289 3.52 0.595 9.96 20. 16 1 5

c 0.3106 8 .32.26 0.3553 26.12 0.4162 19. 3 0.4901 14 29 
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5. Conc

vior of mud flow is complex and the 
theory o
assum

and provide insight into the influence of various 
parameters on the results of the laboratory tests.   

This paper highlights the importance of a thorough 
rheological analysis of non-Newtonian fluids such as Dead 
S
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o
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osity at lower shear rate; and c) using the data 
at high shear rate that result in linear relationship 

apparent viscosity and shear rate. From this table, 
alculated flow index is always less than one which 
s that the slurry is shear thinning. The more shear-
ing the slurry, the greater the friction reduction is. 
 Table 5 shows that when the water content is 
sed in the slurry, the flow index (n) increases for the 
-mentioned three cases. Because flow index, in 
ce, is a measure of non-Newtonian-ness and for a 
onian fluid 1n = ; the increase in the flow index 
s the slurry to behave as close as possible to the 
onian fluid. Table 5 shows that for the three 
dered cases, we have a viscosity decrease with 
asing flow behavior index; this behavior is very 
stent with the slurry tendency to behave as 
onian fluid.  

lusions 

Although the beha
f its behavior is not well developed, simplifying 

ptions were made to permit an analytical solution 

ea mud slurry. Power law was used to accurately 
present the interaction between shear stress and visc

velocity gradient. Apparent viscosity – shear rate 
lation exhibits very valuable profiles to determine both
ow consistency index and flow behavior index. The 
eveloped mathematical model could predict the flow rate
f Dead Sea mud slurry through a pipe under the 
nditions of applied pressure drop. Experimental work
owed that the slurry with low Dead Sea mud content 

ehaves closer to Newtonian fluid. 
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With rapid advancement in technology and availability of workforce at reasonable wages, India is becoming a preferred 
locati ufacturing companies from all over the world. The manufacturing sector in India has witnessed a growth of 
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n-time, etc. have been implemented worldwide by various manufacturing organizations to improve their performance 
ompetitiveness. The extent of success achieved has, however, been influenced significantly by the structure and culture
 organization concerned and the country as well. The present article attempts to study the experiences of a few selected

n manufacturing organizations, operating in and around New Delhi region, regarding the implementation and
ability of popular Japanese manufacturing techniques and practices. A structured questionnaire containing both open
lose-ended questions is used for data collection. The results are obtained using descriptive analysis, hypothesis testing,
orrelation analysis. Though implementation of Japanese manufacturing techniques and practices (JMTPs) has resulted in 
vement of various production-related dimensions and other benefits, there is still a need to understand how to harbor

techniques and practices for the long-term growth and benefit of the organizations on the whole. 
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Manufacturing plays an

of the GDP and 12% of employment. Indian 
facturing sector shares three-fourths of all exports 
India [1]. There has been a growth of around 15 

nt in this sector in the year 2007. Product and process 
ations, technological developments, improved 
gerial skills, and the availability of low cost 
force are the potential competitive capabilities of 
’s manufacturing. There are, however, several other 
ts, which the country needs to address in order to 
ve its competitiveness in the global manufacturing 
rio. Industries all over the world have been focusing 
e technological and managerial dimensions of their 
tions to improve their performance and 
etitiveness.      
part from such to

d and evolved many other techniques and 
ices for improving the organizations’ performance 
ompetitiveness. Kaizen (continuous improvement), 

n-time (kanban), quality circles, total productive 
tenance, poka-yoke, zero defects, and cellular 
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manufacturing, etc. are among thos

anufacturing ones, in various developed and developing 
untries. The culture of the organization concerned and
at of the country, however, have a strong bearing on the
tent to which these Japanese manufacturing techniques
d practices (JMTPs) make their impact as desired. Ford
d Honeycutt [2], in a comprehensive article, have

iscussed the relevance of the culture of a country in 
nderstanding the country’s business practices. They have 
so established that corporate culture is company-specific, 
d therefore generalization of any company-specific

bservations can be misleading. It is, perhaps, for this 
ason why researchers have been addressing issues like 
option, implementation, and effectiveness of various
panese techniques and management practices in the 
anufacturing sector of different countries. Examples of 
ch studies include that in the USA, Singapore, Korea, 
d Scotland [3-6].    
The Indian manufac nd

ufacturing, in terms of Deming awards per country. 
here are about 13 companies that have won this award 
d many others are ISO-9000 certified [7]. Till the last
uple of years of the 20th century, however, practices like

atistical process control (SPC), total quality management
QM), just-in-time (JIT), total productive maintenance 
PM), cellular manufacturing, and continuous 
provement either failed to serve their purposes in the 
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Indian manufacturing organizations or to even receive any 
attention from this sector [8].  

In this context, and as inspired by the findings like that 
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pt to study the present scenario of Indian 
facturing with reference to t

ness of some popular Japanese manufacturing 
iques and practices. This has further helped the 
rs assess the adaptability of these techniques and 
ices in the Indian context. 

me Previous Studies 

is section explains briefly
manufacturing techniques and 
presents a brief overview releva

 on making small changes on a regular basis - 
ing waste and continuously improving productivity, 
, and effectiveness. While Kaizen has historically 
applied in manufacturing settings, it is now becoming 
on to find it applied to service business processes as 
9, 10].  
e basic principle of Just-in-Time (JIT) is to eliminate 

rms of waste, and is defined as anything that does not 
alue to the p

e manufacturing. Research has shown that 
ssful implementation of the JIT philosophy can 
ce significant benefits for manufacturing firms such 
proving quality, minimizing levels of inventory, 
ving relationships with suppliers [12], reducing the 
r turnover rate, reducing manufacturing lead times, 
ing set-up time [13], reducing operations and 
ials handling costs, and maximizing the use of space 

uality Circle (QC) is a management tool that has 
 bene

and improvement of quality, more effective 
any communication, utilization of employees’ 
em solving capabilities, and more job involvement. 
ture presents numerous studies such as those by Park 

and Mandal et al. [16], on quality circles and other 
y related practices. Better quality and enhanced 
ctivity have been among the major benefits of 

icing QCs. Total Productive Maintenance (TPM) is a 
facturing program designed primarily to maximize 
fectiveness of equipment throughout its entire life by 
articipation and motivation of the entire workforce. 
benefits from implementing TPM have been well 

ented at numerous plants. TPM management brings 
one, from equipment designer to operators, together 
ork under an autonomous and small group 

onment [17]. 
e 5-S Philosophy

tion and standardized work procedures. 5-S 
ifies work environment and reduces waste and non-
 activity while improving quality, efficiency and 
. The five Ss in the Japanese language are Seiri 
, Seiton (set-in-order), Seiso (shine), Seiketsu 
ardize), and Shitsuke (sustain). Single Minute 

ange of Dies (SMED) is an approach to reduce the 
of output quantity and quality that occurs due to 
eovers and set-up activities. The method has been 
oped in Japan by Shigeo Shingo and has proven its 

roblems as close to the source as possible. There are six
istake-proofing principles or method

ination, replacement, prevention, facilitation
etection, and mitigation. Process improvement is among
e major outcomes of poka-yoke implementation [18]. 
ero Defect (ZD) method endorses continuous 

provement. The ZDs’ objectives are limited to quality 
provement, whereas, QCs aim at improvement in

uality, methods, morale, and motivation. The focus of ZD 
rograms is to produce as little defectives as possible, 
eoretically no defectives. 

A Work Improvement Team (WIT) is formed to 
prove the work processes in an organization. There are 

ultiple reasons, anything from improving quality of 
oducts to that of processes or systems, etc., for which an 

rganization chooses to implement WITs. Cellular
anufacturing (CM) is a philosophy that attempts to 
cognize and exploit similarities among components to be
anufactured and to group them into families based on
ese similarities in shapes, production processes, or on 

oth [19]. Comprehensive reviews of different cell design
proaches and their features are presented by several 
searchers including that by Mansouri et al. [20]. 

 Objectives and Methodology 

Manufacturing covers a large variety
products and hence a huge numbe

nizations, out of this population, use one or more
TPs. Since these organizations are scattered all over the

untry, and also a true sampling frame of such 
rganizations was not available, judgmental sampling
ethod has been used to draw the sample with the help of 

ersonal references of the authors and the professional 
odies in the country like CII and ASSOCHAM.
resuming that larger organizations can provide us with 
ore useful data, annual turnover was chosen as the 
iterion to select the sample companies. Manufacturing 

rganizations with an annual turnover of Rs. 1 billion 
S$ 20 million) and above are included in the study. 
oreover, administrative and other limitations, like that of 

me and cost, restrict the scope of this study to the regions 
 and around New Delhi. A preliminary survey was also
nducted to finalize the list of the JMTPs to be included
 the study. Data availability has been the major criterion
r this selection. Non-inclusion of the JMTPs that are left

ut of the study does not seem to affect the validity and
liability of the findings, as previous researchers too have

ot necessarily considered all of them together. 
This study aims to determine (i) the impl

s of JMTPs and their effectiveness, (ii) the relative 
portance of various triggers, facilitators, barriers, 

utputs, and benefits and also their effect on JMTPs 
fectiveness, (iii) the effect of those triggers, facilitators, 
d barriers along with the stage of JMTPs development

n the benefits and outputs, (iv) the correlation among the
arious variables of the study, and (v) adaptability of

TPs in the Indian context. A structured questionnaire, 
nsisting of 15 items, was designed to collect data. The
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questionnaire, along with a brief write up was sent to the 
executives of 170 companies, selected through the above-
mentioned procedure and criteria. With a low response rate 
of about 32 percent, 54 completed questionnaires were 
receiv
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that the art of designing the right strategy for 
implementing JIT is still debatable. 5–S, being oriented 
towards a healthy work atmosphere and based on 
behavioral changes, rather than physical ones, has been 
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ed back and of them, 35 were found valid. The 
s are obtained by using descriptive analysis, multiple 
ssion method to test hypotheses, and coefficient of 
lation. Percentage in fraction has been rounded off to 
arest number while analyzing the data. 

alysis and Findings 

e first three questions in the questionnaire
the profile of the organization
designed to collect data on

ntation and effectiveness. Another set of questions 
4) has been used for gathering information on 
les like triggers, facilitators, barriers, benefits, and 
ts. The last question invites opinions of the 
ndents on adaptation of JMTPs in the Indian context. 

rganizations Profile  

ccording to the number of employees, the sample 
 into three classes - those organizations can be classified

employing less than 2500 emp
nd those with 5000 or more employees (14%). 

nnual turnover-wise distribution of the organizations 
it that the majority (37%) have annual turnovers of 
0 billion or above, 11% each with Rs. 7.5-10 billion 
s. 5-7.5 billion, 18% with Rs. 2.5-5 billion, and the 
l turnover of the remaining 23% has been Rs. 10-25 
n. This pattern could have emerged possibly due to 
ct that organizations that have more resources at their 
sal are more flexible in experimenting with 
iques and practices other than traditional ones. Nearly 
hirds of the organizations (66%) have reported that 
have a joint venture with at least one foreign 
any. This figure may be interpreted as an indication 
oreign tie-ups could be one of the reasons for which 
izations adopt a JMTP to align themselves with the 
lobal practices, as also to compete with their global 

rs. The foreign partners belong to the countries like 
e, Japan, Germany, USA, and UK. The organizations 
g just 1-2 years old joint venture with any foreign 
ry, and those with no such tie-ups account for 43% 
ut of 35). Around 35% have been operating jointly 
a foreign company for over 10 years. The age of the 
venture for 14% of the companies has been between 
ears, and that of the remaining 8% is 6-10 years. 

mplementation and Effectiveness of JMTPs 

Table 1 presents the distribution of the organizations 
nting various JMTPs, the length of 

mentation, the stage of development, and the 
iveness (in terms of mean score) of each JMTP. The 
gs reveal that 5-S and KZN have been implemented 

ost of the organizations, followed by WITS, QCs, 
, and JIT. PKYK and SMED are, however, rarely 
ed by Indian manufacturers. A survey of 34 
tries conducted in 2002 by Kumar and Garg [21] has 
ted a positive attitude of around 60 percent of the 
ndents towards JIT implementation. A recent study 
on JIT practices in Indian manufacturing concludes 

latively inexpensive to implement than other JMTPs. 
ane et al. [23] has found companies, particularly in 
tomobile sector, using 5S effectively as a stepping-stone 
r JIT implementation. The low usage of SMED may be 
tributed to the nature of business under which most of 
e Indian companies operate where, unless the production 
mits of the company are stretched beyond compliance,
e targets necessitate faster changeovers of machinery and

roduction setup. Thus, SMED was not found suitable.  
This can been observed from Table 1 that almost in

ch case the majority of organizations had been practicing 
e JMTP for over two years (at the time of data

ection). Moreover, most of the JMTPs in use, except 
D, PKYK, and SMED, are found in their well-developed
age of implementation. While investigating the 
spondent’s understanding of the various stages of
plementing JMTPs, their explanation was that a well-

eveloped stage is achieved when the practice has been 
tally internalized or institutionalized, which means even 
e shop floor workers know and practice the JMTP in

uestion. 
As far as the effectiveness of these techniques is

ncerned, Kaizen was rated as the most effective 
chnique with mean as 4.27 followed by 5-S (3.65).
sides these, JMTPs that were found to obtain scores 
ove the median were TPM (2.78), WITs (2.56) and QCs 
.51). The respondents were asked to explain the factors 
ey took into account when assessing the effectiveness of 
TPs. A clear-cut response format was not found due to

e complexities involved in measuring the intangible 
enefits of JMTPs.  Number of people participating in the

TP, monetary benefits like cost cutting, material 
nsumption, productivity, lead-time and output, and
ange in work culture like employees becoming more 
stomer-oriented and taking on more responsibilities 
ere, however, found as the key considerations. The most 
effective techniques among all the JMTPs under study 
e CM and JIT. A possible reason for low implementation
 effectiveness of JIT could be that many of the suppliers

f the organizations in question are small-scale firms, and
ey do not have the capability and resources to match the
rict requirements laid down by JIT.  

The findings also indicate that a given JMTP does not
ecessarily score high on the effectiveness scale despite it
eing well-developed. For example, the practice of QCs
as been developed well in 73 percent of the organizations 

plementing it as against 66 percent in the case of Kaizen
d 5-S. QCs however, have not been as effective as
aizen and 5-S. 

Effectiveness b
P implementation, a null hypothesis (H01) was

rmed to investigate the statistical relationship, if any, 
etween the effectiveness of a JMTP and the combined 
fect of four relevant independent variables. These 

ariables are stages of development of the JMTPs, annual 
rnover, facilitators to JMTPs implementation, and the
ze of the organization (number of employees). The null 
ypothesis was stated as “the coefficient of multiple 
etermination in the population is zero”. This is equivalent  
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Table 1. Implementation and Effectiveness of  JMTPs. 
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e hypothesis is tested using multiple regression and 
% level of significance, the hypothesis is 

 statistically accepted (Table 2). This means the 
ll effect of the four independent variables on the 
iveness of JMTPs is insignificant. This might have 
ned due to either insufficient data or the fact that the 
ll culture of an organization matters a lot in how 
s perform. 

riggers, Facilitat

Triggers of any process are the factors responsible for 
ion. The major factors that have been considered 

rtant, based on this study and as extracted from the 
ture, for the initiation of various JMTPs include the 
(a) to reduce manufacturing cycle time, production 
waste, and inventory, and (b) to improve on 

ction flexibility, size of the organization, and market 
. Initiatives were also taken to implement JMTPs, as 
as insisted by the customers or by the presence of a 
venture with a foreign company, particularly from 
. The need to reduce waste, production cost, and 

resence of a joint venture, concern over declining market
are, and customers’ insistence were rated on the lower
de of the scale with mean scores as 2.58, 2.48, and 2.29, 
spectively. The aim of reducing manufacturing cycle
me, enhancing production flexibility, or right sizing an
rganization, has played an important role in JMTPs 

plementation, but scoring only between 4 and 3 on the 
ale.  
Eight factors were considered as facilitators in the

pl

inve  has s d high an sco

ementation of various JMTPs. In order of their 
creasing importance (on a 5-point scale), the factors are 
centives given to employees, organizational structure,
nking business goals to JMTPs, organizational and 
dividual discipline, internal & external benchmarking, 
p management initiatives, effective communication, and 
aining programs. 

The respondents
ers to JMTPs implementation. This hesitation can be 

nderstood because identification of any such factor may
flect some negative aspects of their organization’s 

olicies. Five factors are, however, considered by them as 
arriers to JMTPs implementation. Resistance from 
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employees and lack of expertise have emerged out as the 
two most obstructing factors with their respective mean 
scores as 2.32 and 2.12 on a 5-point rating scale. The other 
barriers that have been found relatively less influential are 
chang
perce
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Organization culture, the manner in which a JMTP is 
implemented, and whether an organization is public, 
private, national, or multinational, are examples of those 
variables.  

Figure 1. Responses on output. 

Figure 2. Responses on benefits. 
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ple, regarding implementation of TPM in the Indian 
xt, a study [24] finds TPM by no means an easy task 
ariety of internal and external barriers exist. 
utcomes of JMTPs implementation have been 
ured in the form of production-related outputs (more 
antitative nature) and benefits (more of qualitative 

e). Figure 1 presents the mean score of each output, 
tained through the responses measured on a 5-point 
. Inventory levels, overtime requirements, raw 
ials consumption, maintenance costs, workforce 
rements, and manufacturing cycle time have 
ased marginally or significantly as a result of using 
r more JMTPs. On the other hand, JMTPs have 

ed in the improvement of product quality, on-time 
ries, and output per shift. A worldwide scenario of 
ese production and manufacturing techniques has 
presented by Blakemore [25], and is supporting the 
gs of this study. Higher quality levels, lower costs 
horter production times are highlighted as the major 
mes of implementing such techniques all over, 
ding the countries like USA, France, Australia, China 
ermany.  
e respondents were also asked to show their degree 
reement on a similar 5-point Likert scale with the 
en
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ts regarding the benefits of the JMTPs being 
ced in their organizations. The results indicate that 
izations have experienced improvement in team 
ination, employees efficiency, employees ability to 
initiatives, work culture, sense of responsibility 
g the employees, employees motivation and morale, 
ty consciousness, customer-orientation, profit margin, 

arket share. Employee turnover, absenteeism, and 
er of complaints from the customers were found 
asing in the organizations practicing one or more 
s  (Figure 2). 
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for facilitating or obstructing this 
mentation may be diverse for different organizations, 
ach organization looks forward to many returns as 
ble. It is quite rational to assume that such factors 
some effect on how productive and beneficial a 
 is. Statistical investigation to this effect, therefore, 

s to be justified at this juncture. Two null hypotheses 
ding outputs and benefits, H02 and H03 respectively, 
formulated and tested on the same lines, as was done 

01. The combined effect of the facilitators, triggers, 
rs, and stage of development is examined on the 
ts and benefits separately, using multiple regression 
 statistic. It is found that the combined effect of the 
variables on the outputs and the benefits are 

tically insignificant (Table 2). The results, however, 
t appear to be in line with a non-statistically assumed 
onship among such variables. Apart from the 
quacy of data, leaving many other variables out of the 
 may have a significant bearing on these results. 

4.4. Correlations 

Finally, a correlation analysis is conducted to determine
e mutual relationships and their directions among the 

ariables involved in the study. Triggers, facilitators, 
arriers, effectiveness, outputs, benefits, stage of 
evelopment, age of the joint venture, annual turnover, and 
ze of the organization have been considered for this part
f the analysis. At 5 % or better level of significance, only
ree relationships were found significant. These 
lationships are between benefits and outputs (0.417, 

<0.05); age of joint venture and stage of development 
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(0.499, p<0.01); and annual turnover and barriers (0.467, 
p<0.01). A significant positive correlation between the 
outputs and benefits of JMTPs seems to be justified, as 
these variables are, in fact, two different forms of the 
result
imple
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• Improved product quality, increased on-time deliveries, 
and reduced inventory levels have been the major 
outputs of JMTPs implementation. Team spirit, quality 
consciousness, and attitude towards work have also 
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s that an organization achieves through 
mentation of JMTPs.  
ge of the joint venture in an organization and the 
 of development of the JMTPs implemented there are 
found to co-vary in the sa

his relationship may be that a foreign partner, 
 has already reaped the benefits of JMTPs in its 
 country, attempts to inculcate the same culture in the 
n company, too. However, in the section that deals 
triggers, it was revealed that a joint venture with a 
n company has not been a major factor responsible 
TPs implementation in the Indian companies. These 

indings related to a possible relationship between the 
nce of a joint venture and JMTPs effectiveness reflect 
 contradiction. The importance of a joint venture was 
ured along with eight other factors. So it is possible 
his factor scores relatively lower than some others on 
portance scale. This argument is supposed to remove 

ement of contradiction referred above.  
nnual turnover of an organization and barriers to 
s implementation are surprisingly found 

 too with a +ve sign. Apparently, going for a 
, even on an experimental basis, is easier for a 
any with a high turnover as it can safely absorb 
se (financial) results, if any. On the other hand, three 
f the five barriers identified in this study, namely, 
ance from employees, lack of commitment at the top 
 and fear of organizational changes, might be more 
nating as barriers in companies with high turnover. If 
 true, it may be accepted that the higher the annual 

ver the stronger are the obstructions in JMTPs 
ation. 

ngs of any study, based on a small sample and 
the inclusion of only a limited number of variables, 
t be safely generalized for the whole sector. This 
 also has a limited scope of application for the same 
ns.  It is, however, believed that the findings of this 
 shall be useful as suggestive guidelines for those 
facturing organizations in the country that are 
ing to implement Japanese manufacturing techniques 
ractices in order to enhance their productivity and 
ve competitiveness. The major findings are listed 
. 

• 5-S is the most widely used techniques followed by 
Kaizen. Effectiveness-wise, it is the other way round. 
JIT and CM are on the lower end of the effectiveness 
scale. 

• The need to reduce waste, production cost, and 
inventory has triggered the implementation of JMTPs 
in most of the cases. 

• Resistance from employees and lack of expertise have 
emerged out as the major barriers to JMTPs 
implementation, whereas training programs and 
effective communication channels have facilitated the 
implementation process most. 

improved. 
• The combined effect of the stage of development,

annual turnover, facilitators, and size of the 
organization on effectiveness of a JMTP are 
insignificant. 

• The facilitators, triggers, barriers, and stage of 
development combined together do not mak
significant effect on the outputs and benefits 

 he correlations• T  between benefits and outputs; age of 
joint venture and stage of development; annual 
turnover and barriers are found positive and significant. 

Based on the analysis and interpretation of the data, th
may be concluded that achieving su
implementation of Japanese techniques and practices is not

sue for Indian manufacturing. The issue is, however,
ow to harbor such practices for the long-term growth and 
enefit of the organizations on the whole. The study,
erefore, recommends that organizations intending to go
r any JMTP should first understand the need to use that
TP and its application, prepare for its adaptation, and 

en identify the ways and measures required for its
ccessful implementation. 
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Extracorporeal shock wave lithotripsy (ESWL) employs high-energy shock waves that propagate through the body and focus 
on th reak it into small grains, which travel out of the body along with the urine.  The distance between lithotripsy 
long- des tends to vary after every session. This variation causes an associated pain for the patient, and hence the 
need  
inacc
In thi  
on in  
electr ler, is also proposed in order to increase treatment effectiveness 
and t  
and t  
data m
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e stone to b
life electro
for re-calibration and adjustment of the distance. Both manual calibration and adjusting procedure are time wasting,
urate, and must be performed by an expert operator.  
s paper, a mathematical model has been developed to predict the number of shocks needed for every patient, depending
put information regarding his age, stone size, and location. An automatic adjustment procedure for the distance between
odes, utilizing a proportional integral derivative control
o reduce patient pain. This also enables better planning of treatment and allows the possibility for any operator to use,
hus resulting in a better utilization of apparatus.  Results from trials in a hospital were adequate, and the experimental

atched those predicted by the model. 
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Extracorporeal Shock Wa
for destructing stones in the ki

that can be disposed of by the urine system, and 
pares the patient the agony of surgery. This technique 
imposes some pain and problem in the planning 
dure [1]. Several researchers have proposed models 
educe the amount of pain and wasted time 

panied this process [2, 3]. There are two main types 
hotripsy electrodes which are used in hospitals and 
s: the first type is the disposable electrode shown in 
e 1a, which has the function of discharging the 
ical shock wave, and this type is used for only one 
n. The other type is the adjustable electrode, shown 
ure 1b and known as the long life electrode where it 
e used up to 50 sessions. Both electrodes could be 
 flat or conical depending on the electrode shape. In 
aper, the second type has been investigated where a 
method for automatically adjusting and controlling 
stance or the gap between the electrodes is presented 
r to Figure 1).  
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tly in the gap between the electrodes heads and 
ally adjusting the venire to the desired thickness [4].  
process is time consuming and exposes the patient to 
 pain than necessary. The main objective of this 
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research is to introduce a scientific and a reliable way to 
automatically control and adjust the long life electrodes. 
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2. Treatment Process 

The process of removing a stone from the kidney or 
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his should increase the treatment effectiveness and
rther reduce patient's pain. 

igure 1. (a) Disposable Electrodes, and,  ( b) None
lectrodes [5]. 

 the ureter without the need for an open surgical 
chnique is known as lithotripsy, which is a non-invasive 
rgical technique. The technique involves disintegration

f the stone in vivo, so that it can pass through the urinary
act in the form of small particles, the passage of which
oesn’t result in sever discomfort or disability. The 
eatment process can be planned ahead depending on 
atient weight, sex, and type of stone [2, 3]. This planning 
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will indicate more accurately the times when the automatic 
adjustment should take place [4].  

In percutaneous lithotripsy, a probe is guided under X-
ray fluoroscopy through a small incision into the location 
of the ki
at the
(spar
produ
is us
withd
can b

Ex
press
speci
This 
treatm
shock
fragm
and d
of the
[7], a
desire

A high-voltage pulse (approximately 20 kV) is applied 
to the spark gap, and the discharge produces a shock wave 
that propagates through the water to the focal point. The 
patient is placed on a gantry support that can be precisely 
p  
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d coefficients are 
illus

b  
d (N) given to the 
patient as illustrated in Equation 1 below: 

(1) 

dney stone. Mechanical shock waves are produced 
 tips of the probe by a controlled electric-discharge 

k), or the probe contains an ultrasonic transducer that 
ces ultrasonic waves. Each of these forms of energy 

ed to break up the kidney stone, so that it can be 
rawn in pieces through the probe guide element or 
e allowed to pass through the urinary tract.  
tracorporeal shock wave lithotripsy generates high-

ure waves outside the body which can be focused at a 
fic site with in the body called the Focal Point (F2). 
focal point is important and is needed throughout the 
ent process in order to concentrate and direct the 
 wave energy on the stone, so that a maximum 
entation can occur to the stone with minimum pain 
iscomfort to the patient [6]. The variation of the size 
 focal point results in variation to the energy density 
nd hence the total energy being delivered to the 
d treatment area, as shown in Figure 2a and 2b.     

(a) 

(b) 

 2. (a) High energy density for a fine focal. [ 7 ], (b)Figure  Same 
total ener

M
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conve
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gy distributed over a larger focal point. [ 7 ] 

any mechanical shock waves are produced at one 
 of an ellipsoidal reflector such that these waves 
rge to another focal point several centimetres away 
the reflector. The reflector and the patient are 

erged in demineralised, degassed water in such a way 
ing the patient to move until the stone is located at 
cal point of the shock wave. This positioning of the 
t is critical, and a biplane X-ray system is used to 

 the position of the stone at the focal point as well 
monitor its disintegration. 

ositioned as the operator observes the stone on the
iplane X-ray monitors. Once the patient is approximately
ositioned, multiple-shock waves are generated by 
ultiple discharges across the spark gap. Up to 2000 shock
aves may be necessary to reduce kidney stone down to 
ne to two millimetre fragments that can pass through the
rinary tract. With this treatment, most patients are able to
sume full activity after two days. This considerably
duce the needed time than surgical treatment by
thotomy would entail. Although the apparatus is complex 
d expensive to purchase and operate, the overall savings 
r the patient and the health-delivery system are clear [1,
.  

.1. En

Depending on many factors, doctors can d
opriate energy of each shock (kV) and the

rresponding number of shocks, which can be used as the 
put to the lithotripsy instrument. From 

K2 factorial 
esign, the most significant factors on ESWL come are
lated to the stone and to the patient. Doctors depend on
ese factors to determine the appropriate energy of each
ock (kV) and the corresponding number of shocks.

hese factors are: 
Factors related to

 out

 the patient such as age and condition 
of patient. 

• Factors related to the stone such as, diameter, 
composition, location, and number of stones. 

he stones may have different shapes and different 
iameters. Figure 3 illustrates some of the stones found in
uman bodies. Generally, stones with diameter below 2cm
n be successfully treated with ESWL. On the other hand,
ecialists recommend that stones with greater diameter 
ould not be treated with the ESWL. A stone located in
e kidney is known as renal calculi while the stone 
cated in the ureter is known as ureteric calculi.   

2.2. Collecting Data and Analysis 

everal data were collected from various clinical 
ntres taking in mind the factors mentioned earlier [9, 10, 
d 11]. Tables 1 ,2, and 3 illustrate these data. It is 

fect the treatment process in terms of number of shocks 
d the energy given in (kilo Volt; kV). Design Ease 
ftware package [12] and statistical analysis [13, 14, 15,
d 16] have been used where factors such as patient age,

one location, and stone diameter are considered as input
ariables while the number of shocks is considered as the 

ut.  
The results with all factors an
trated in Table 4-a and Table 4-b: 

From these tables, a relationship can be derived 
etween the patient age (A), stone position (B), stone
iameter (C), and the number of shocks 
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It can be noted that: 

1. Sum source squares values are as follows   C>B and 
B>B*C and B*C>A 

,       stone position (or location), and 

IV. Adeq precision’ measures the signal to noise ratio. A 
ratio greater than 4 is desirable, and the ratio of our 
design is 19.597 indicating an adequate signal. 
This leads to the Equation 2 of the number of shocks 

 

(a) 

Figure 5. (a) Block diagram
of plant (power amplifier, stepper

Table 1. Data regarding patient
shocks [9] 
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2. Coefficients values are as follows  C>B and B>B*C 
and B*C>A 

3. The most significant factors affecting ESWL outcomes 
are: stone diameter
position-diameter (location-diameter), and patient age. 
So we choose these factors for the next step of analysis. 
This is shown in Figure 3 and Figure 4. 

Figure 3. Half normal plot. 

Figure 4.  

N uct analysis of variance the selected 
factorial 

Through close inspection of Table 5-a, Table 5-b and 

agreement with the ‘Adj R squared’ of 0.9682. 

Normal plot of residuals. 
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Table 5c, it could be noticed that: 
I. The Model F-value of 54.27 implies that the model is 

significant, and there is only a 0.39% chance that a 
"Model F-Value" this large could occur due to noise. 

II. Values of "Prob > F" less than 0.0500 indicate model 
terms are significant, in this case B, C, BC, and A are 
significant model terms, values greater than 0.1000 
indicate the model terms are not significant. 

III. The ‘pred R-squared’ of 0.9031 is in reasonable 
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changing stone diameter from low (2 mm) to high (20 mm) 
changes the number of shocks by 1075 shocks. 
Table 2. Data regarding patient age, location and number of 
shocks [10] 
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3. Model Construction 

From 2k factorial design the most significant factors 
affecting ESWL outcome are patient age, stone position, 

on, and stone size. In LABVIEW 
software, the patient age and the stone size are selected  
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changing stone position from low (kidney) to 
high (ureter) changes the number of shocks by 725 
shocks. 

3. The numerical estimates of the effect indicate that the 
effect of position-diameter (B*C) is large and has a 
positive direction (increasing B*C increases number of
shock), since changing stone position-diameter from 
low (kidney-2mm) to high (ureter-20mm) changes the 
number of shocks by 350 shocks. 

4. The numerical estimates of the effect indicate that the 
effect of patient age (A) is large and has a positive 
direction (increasing A increases numb
since changing patient age from low (18 years) to high 
(90 years) changes the number of shocks by 225 
shocks. 

5. The most significant factors are stone diameter and its 
location while the patient age has less effect on the 

er of shonumb cks given to the patient. 
6. This result agrees with the practical specimens 

collected from various medical centres as shown 
earlier. 
The best method used to study the factors that v

together is the factorial design method, where the most 
t benefits from the process are that any operator 

reat the patient without the need for high experience 
ermine number of shocks and energy of each case. 

age-and-position interacti

ble 3. Data information regarding patient age, location and 
mber of shocks [11] 
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Table 4a.Analysis of variance for all factors. 

Table 4b.Factor esti efficient. 

 

Table 5a.Ana riance for selected factorial design 

Model Sum of DF Mean  Square F Value Prob > F 
 

mates and their co

lysis of va

Squares 
Inte 0rcep 484E+ 4 0 0.t 1. 007 3.7 9E+006 54.27 039 

A 050E+  0.4. 005 1 4.050E+005 5.93 0930 
B .5 0.04.205E+006 1 4.205E+006 61 4 043 
C 0.09.245E+006 1 9.245E+006 135.29 014 

BC 9.800 3 0.0E+005 1 9.800E+005 14. 4 323 

Table 5b. data analys

261.41 
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Std. Dev 
Mean 2350.00 

R-Squ 0.9864 ared 
Adj R-S 0.9quared 682 
Pred R- 0.9Squared 031 
Adeq 19. Precision 597 

 
Table 5c. ta

Coeffi
Fact r

95% CI 95% CI VIF 

 S ndard error of data 

cient Estimate DF Standard 
or Er or Low High 

Interce . 5 4 0pt 02 503 .0 1 92 42 205 .87 26 4. 1.13 0 
A-Ag 0 42 9. 0e 225. 0 1 92.  -69.13 51 13 1. 0 

B-Positi 0 42 0. 1 0on 725. 0 1 92.  43 87 10 9.13 1. 0 
C-Diam 0 42 0. 6 0eter 1075. 0 1 92.  78 87 13 9.13 1. 0 

BC 42 44. 0 350.00 1 92.  55.87 6 13 1. 0 

 
 

 

 

 

To be the inputs while the number of shocks is the output.  
The Model was obtained using Mathcad as follows: 

18 2 600 

26 4 1000 

34 6 1400 

42 8  2000

50 10  2200

58 12  2200

64 14  2500

7  2 16 3500

80 18  4000

MAD= 

90 20 

VN= 

 4000

K=1 Span =0.75 

The answer of the regress  are the coefficients: 

3 

3 

Regress(MAD,Vn,

K)= 
1 K 

-13.41 a1 

-315  .513 a2  

-546.667 a0 

The equation: 

Number of Shocks .667-31041*A+3 *D = N = 546 15.513

Where,        tient age,  A    is the pa

D    is the stone diameter 

4. Proportional In ID) Controller 

be 
automatically adjusted using a closed loop control system. 
This
p  
A  
el  
w
d  
co

in  
5  
b  
1

tegral Derivative (P

The distance between the two electrodes has to 

 process will keep the focal point F2 in the optimal 
osition to minimize the pain and discomfort to the patient.
n automatic control model of distance between the
ectrodes is simulated, using MATLAB, and SIMULINK
as used to visualize the performance of the controller; the 
esign is simulated as a closed loop control system
ntaining controller, plant, and sensor unit.  
The PID controller combines the proportional (P), the 

tegral (I), and the differential component (D) as Figure
a and Figure 5b show. The manipulated value y   is given
y Equation 2 and further simplified into Equation 3 [17,
8, and 19]: 

dt

xd
Kdtx

T
xKy d

dd
i

dP ..
1

. ++=   (3) 









++=  dt

xd
Tdtx

T
xKy d

dd
r

dP ..
1

 (4) 
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ar
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S
u

m
 o

f 
S

ou

S
q

u
ar

e

D
F

M
ea

n
 S

q
u

 1.504 7 2.149E+7 E+6 

A 4.050 1 4.050E+5 E+5 

B 4.050E 1 4.20+6 5E+6 

C 9.245E 1 9.24+6 5E+6 

A*B 80000. 1 8000 000.0 

A*C 80000. 1 8000 000.0 

B*C 9.800E 1 9.80+5 0E+5 

A*B*

C 

000. 45000.45 00 1 0 

Factor Estimate Coefficient 

Intercept 2350.00 
    A - Age 225.00 
    B -  P 7osition 25.00 
    C -  Diam 107eter 5.00 

A*B 100.00 
A*C 100.00 
B*C 350.00 

A*B*C 75.00 
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Where 
y   = Controller output 
Kp = Proportional gain.  
Ti  = Integral time. 
Kd  = e action coefficient. 
Tr  = ich is the period by which the   

than the   I  Controller. 
Td  e needed to get the wanted 

component earlier 

 
 
Stepper mo
and i here gain resulting in 
excellent holding torque. The electrical torque acts to 
incre

acts t
To

 Derivativ
  KpTi Reset time wh
PI   controller is faster 
= Kd/Kp the tim
manipulated variables using D 
than when using the  PI  controller.       

tors are low-cost solution for position control 
ntly high torque/position n

ase rotational speed (ω), while the mechanical torque 

o slow it. The net accelerating torque in the machine: 
rque=moment of inertiax accleration 

α×= J  (5) Tnet







×=

dt

d
JTnet

ω
 (6) 









×=

2

2 )(

dt

d
JTnet

θ
 (7) 

Where:  
Tnet : net accelerating torque in machine(N.m.s)    
J : m inertia for the machine(N.m.s2).  
α :  ro
θ : ph
Assum , 

oment of 
tita onal acceleration (rad/sec2). 

ase angle of a rotating machine(rad) .   
nstant flux Øing a constant field current and a co

dt

d
K

d
K m

)(
.

)(
..)

dt
tem (

θθ =Φ=  (8) 

where: 
em(t)  is the back electromotive force (V). 
K      otor parameter 
Km  of magnetic 
mater
Then,

is the m
  is a function of the permeability 
ial.  
 by Laplace transform; 

)(
)(

)(
sK

s

sE
m

m =
θ

 (9

The 
appli

(1

) 

armature current is related to the input voltage 
ed to the armature as             

)()(.).()( sEsIsLRsE mamma ++=  0) 

{ } ).(

1

)()(

)(
)(1 sLRsEsE

sI
sG

mmma

a

+
=

−
=  ( 1) 1

Wher
Ia is t
Ea is 
The a

e: 
he motor armature current 
the motor input voltage 
rmature current would be: 

sLR

sEsE
sI

mm

ma
a .

)()(
)(

+
−=  (12) 

The torque developed by the motor is assumed to be 
related linearly to Ø and to the armature current as fol

T (t) = K1 . Ø . ia(t) = Kτ . ia(t) (13) 

By L

T(s ) 

 
T r   

lows 

aplace transform: 

) = Kτ Ia(s).   (14

he load torque for moto

dtdt 2

d
BtT

d
J

θθ −= )(  (15) 

Where,  
   B          is the air friction and bearings friction (Dam
coefficient) . 

2

ping 

dt

d
B

dt

d
Jt

θθ +=
2

)(  (16) T
2

Laplace transformation yields: 

(17) { } )(.)(.)( 2 ssBsJsT θ+=  

)(.

1

)(

)(
)(

22 sBsJsT

s
sG

+
== θ

 (18) 

)(.

)(
)(

2 sBsJ

sT
s

+
=θ  (19) 

Where Ə is the angle of Rotation: 
We can get the motor transfer function: 

)(

)(
)(

s
s

sE
G

a

θ=  (20) 

)(.)(.)(.1

)(.)(.
)(

21

21

sHsGsGK

sGsGK
sG

τ

τ

+
=  (21) 

sKKRsRJLBsLJ

K
sG

mmmmm .)(.)..(..
)(

23
τ

τ

++++
=  (22) 

But Lm  is small enough so it can be ignored; 

sKKRsRJ

Kτ  sG
mmm .).(..

)(
2

τ++
= (23) 

In order to move the two electrodes simultaneously, 
each
st
w  
in
W  
ea  
st
co  

 with half the required distance, using only one 
epper, we need to redesign the whole electrode set which 
ill complicate the design and will deprive the current
struments from utilising the benefit of automatic control. 
e decided to use two separate stepper motors; one for
ch electrode, and thus the movement expected of each
epper will be half the required distance. The plastic 
vering of the mechanism is removed, and each stepper is



 © 2009 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 3, Number 3  (ISSN 1995-6665) 188

coupled to the corresponding electrode mechanism through 
a screw and gear whose transfer ratio (coupling ratio) 
enables very fine adjustment. This modification can be 
suggested to the industry to modify the design of the 
electr
adjus

5. Re

Th model for computing the number of 
ge (A) and stone diameter 

 

at relates the distance to 
the number of shocks, we gathered data experimentall
from Arabic Centre of Lithotripsy (Al-Khalidi Hospital) 
by meas
numb
perso
and f
differ

Table 
kV.  

odes set to allow for both manual and automatic 
tments. 

sults and Discussion 

e resulting 
shocks as a function of patient a
(D) is given as: 

DA

NShocksof

*31041667 −

==
 (24) 

    

umber

*513.315.546

N

+
    
Now, to obtain the equation th

y 

uring the distance between the two electrodes after 
er of shocks at certain kV. Sources of error include 
nal, measuring, and random. The following tables 
igures show the Number of Shocks   vs.  Distance for 
ent values of kV. 

6a. Data of electrodes distance and Number of shocks at 16 

Distance (mm) No. of shocks 

0.0 0 

0.41 200 

0.5 450 

0.58 700 

0.65 1000 

0.69 1500 

0.89 2000 

0.95 2500 

0.97 3000 

 
Table 6b. Data of electrodes distance and Nu
kV.  

mber of shocks at 18 

Distance (mm) No. of shocks 

0.0 0 

0.05 250 

0.17 500 

0.49 1000 

0.77 1500 

0.97 2000 

1.17 2500 

1.27 3000 

 
The same behaviour is observed from Figure 6 at 

different
fitting
and s

 
 

Table 6c. Data of electrodes distance and Number of shocks at 20 
kV.  

Distance (mm) No. of shocks (shocks) 
0.0 0 

 voltage values (kV). Depending on this trend, a 
 curve is obtained for different high voltage values 

hown in Figure 7. 

0.32 250 
0.47 700 
0.57 1000 
0.79 1 0 50
1.17 2000 
1.52 2500 
1.88 3000 

 
(a) 

(b) 

(c) 
Figure 6. (a) Shows the relati ip between the distance and 
nu
th  
re

 
cont
an

W
 

th
p
su  
co  
co

onsh
mber of shocks for 16 kV, (b)  Shows the relationship between 
e distance and number of shocks for 18 k, (c) Shows the
lationship between the distance and number of shocks for 20 kV  

The second half of the model, used in automatic
rol, presents the relation between number of shocks 

d distance between electrodes:  

311−

0529.0.0007.0

2
.

7
10.2.10.3Distance

++

−
−=

X

XX
 (25) 

here X is the number of shocks. 
Any operator can safely use the software interface of

e mathematical model as Equation 24 shows, where 
atient age and stone size are provided to calculate the 
itable number of shocks which is, then, used to find the
rresponding distance (ΔD) from Equation 25. The PID
ntroller compares this distance with the safe distance 
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(ΔD ≥ ΔDsafe) so that when exceeded, it forces the 
electrodes to return to the reference distance. 
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There is an increasing interest in India to search for suitable alternative fuels that are environmental friendly.  Environmental 
conce ited amount of petroleum resources have caused interests in the development of alternative fuels for internal 
combustion (IC) Engines.  As an alternative, biodegradable, renewable and sulphur free biodiesel is receiving increasing 
attent  
biodi  
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varia  
this p
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Keywords: Bio-Diesel; Transesterification; Cottonseed Oil Methyl E

rns and lim

ion.  The use of biodiesel is rapidly expanding around the world, making it imperative to fully understand the impacts of
esel on the diesel engine combustion process and pollutant formation.  Biodiesel is known as the mono-alkyl-esters of
chain fatty acids derived from renewable feedstock, such as, vegetable oils or animal’s fats, for use in compression
on engines.  Therefore, in this study, different parameters for the optimization of biodiesel production were investigated 
 first phase, while in the next phase of the study performance test of a diesel engine with neat diesel fuel and biodiesel 
res was carried out.  Biodiesel was made by the well known transesterification process.  Cottonseed oil (CSO) was 

ted for biodiesel production.  The transesterification results showed that with the variation of catalyst, methanol,
tion of biodiesel production was realized.  However, the optimum conditions for biodiesel production are suggested in
aper.  A maximum of 76% biodiesel was produced with 20% methanol in presence of 0.5% sodium methaoxide.  The 
e experimental results showed that exhaust emissions including carbon monoxide (CO), particulate matter (PM) and
e emissions were reduced for all biodiesel mixtures.  However, a slight increase in oxides of nitrogen (NOx) emission
xperienced for biodiesel mixtures. 

ed

ster; Performance and Exhaust Emissions. 

1. Introduction                  *       
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New and renewable alternative fu
m-based fuels have become increasingly important 

to environmental concerns, unstable costs and 
ortation problems.  One of the renewable alternative 
is bio-diesel, which is domestically produced from 
r used vegetable oil and animal fat.  Oil or fat reacts 

alcohol (methanol or ethanol).  This reaction is called 
sterification.  The reaction requires heat and a strong 
st (alkalis, acids, or enzymes) to achieve complete 
rsion of the vegetable oil into the separated esters 
lycerin [9].  During the transesterification reaction, 
in is obtained as a by-product.  It is used in 
aceutical, cosmetic and other industries [1, 2]. Not 

can bio-diesel be used alone in neat form but it can  
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p
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nmodified diesel engine [3]. 
Diesel fuel is very important for countries economy 

ecause it has a wide area of usage such as long haul truck 
ansportation, railroad, agricultural and construction
uipment.  Diesel fuel contains different hydrocarbons, 
lphur and contamination of crude oil residues [4, 5].  But 
emical composition of biodiesel is different from the

etroleum-based diesel fuel.  Biodiesel hydrocarbon chains 
e generally   16-20 carbons in length and contain oxygen
 one end.  Bio-diesel contains about 10% oxygen by
eight.  Bio-diesel does not contain any sulfur, aromatic 
ydrocarbons, metals and crude oil residues[10, 6]. These
roperties improve combustion efficiency and emission
rofile.  Biodiesel fuel blends reduce particulate matter 
M), hydrocarbon, carbon monoxide and sulfur oxides 
1].  However, NOx emissions are slightly increased 

epending on biodiesel concentration in the fuel [12, 13]. 
ue to the lack of sulfur biodiesel decrease, levels of 
rrosive sulfuric acid accumulate in engine crank case oil 
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[7].  Using biodiesel is a big advantage for countries where 
petroleum is imported [14].  Many countries that import 
crude petrol encourage the production of bio-diesel by 
reducing taxes and by giving low interest credits. 

V
consi
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a dec , it is 
known t

decla
impro
veget
better

In
biodi
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remo
oil.  
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(a) 

(c) 

Figure 1. (a) Chemical Equation of Transesterification Process, 
(b) Crude, Transesterified (Bio nd its by-
pr  
e

3. Experimental Setup 

roke water cooled diesel engine 
deve  
ar  
se  
w  
m  
in
to  
ta  
p
si

 
 
 
 
 

egetable oils, the main source of biodiesel, have 
derably higher viscosity and density compared to 
 fuel.  Despite transesterification process, which has 
reasing effect on the viscosity of vegetable oil

hat bio-diesel still has some higher viscosity and 
y when compared with diesel fuel [15, 16].  The 

sities of fuels have important effects on fuel droplet 
tion, atomization, vaporization and fuel-air mixing 
ss, thus influencing the exhaust emissions and 
rmance parameters of the engine.  There have been 
 investigations on using preheated raw vegetable oils 
as palm and jatropha oil in diesel engines [8,17].  
ver, it is known that vegetable oils have considerably 
r viscosity compared with diesel fuel.  It was 
red that CO, HC and particulate matter emission were 
ved because preheating reduced the viscosity of raw 
able oil to almost the level of diesel fuel and caused a 
 combustion [18]. 
 the present investigation different parameters for 
esel production have been investigated and the effects 
scosity of cottonseed 

densit
visco
forma
proce
perfo
some
such 
Howe
highe

(b) 

 Alco
(Methy      (NaOCH3) 

hol         +      Catalyst 
l Al

 decreased by means of preheating process, on the 
rmance parameters and exhaust emissions of a diesel 
e. For this aim, CSOME was produced by 
sterification method, using cottonseed oil and methyl 
ol, and its effect of reaction temperature, catalyst 
ntages, alcohol percentages and reaction time for 
um biodiesel production have been studied, and its 
rties were determined.  Finally, the results for 

E were compared with those for diesel fuel. 

oduction of Cottonseed oil Methyl Ester 

The Transesterification process of cottonseed oil 
performed using 5g Sodium methaoxide as catalys
100ml m
First,
reacto
cataly
added
mixtu
700C,
separ
glyce
forme
to an
some

ethyl alcohol per 1 litre pure cotton seed oil.  
 the cottonseed oil was heated to about 65-700C in a 
r with a capacity of about 40 litres.   Then, the 
st was mixed with methyl alcohol to dissolve and 
 to the heated cotton seed oil in the reactor.  After the 
re was stirred for 1 h at a fixed temperature of about 
 it was transferred to another container and the 
ation of the glycerol layer was allowed.  Once the 
rol layer was settled down, the methyl ester layer, 
d at the upper part of the container, was transferred 

other vessel.  After that, a washing process to remove 
 unreacted remainder of methanol and catalyst was 
d out, using distilled water and blown air.  Then, a 
ation process at about 1100C was applied for 
ving the water contained in the esterified cottonseed 
Finally, the produced cottonseed oil methyl ester 
ME) was left to cool down.  The Chemical Equation 
ransesterification Process, Crude, Transesterified 
iesel) of Cottonseed Oil and its by-product, and the  
ction Process of CSOME are presented in Figure1a, 
e1b and Figure1c respectively. 

diesel) Cotton Seed Oil a
oduct, (c) The flowchart of the cotton seed oil methyl
ster (CSOME) production processes 

A single cylinder 4-st
loping 5.2 KW at 1500 rpm was used.  Engine details

e given in Table 1.  The schematic of the experimental
tup is shown in Figure 2  An eddy current dynamometer
as used for loading the engine.  The fuel flow rate was
easured on the volumetric basis.  Experiments were
itially carried out on the engine at all loads using diesel 
 provide base line data.  The engine was stabilized before
king all measurements.  Various blends of different
roportions of CSOME and diesel were used to run a 
ngle cylinder CI engine. 

 

cohol) 

Heating and stirring in Reactor 
(65-700C) 

Esterification Glycerol 

Washing 
(Distillating Water and Blown Air) 

Drying 

Vegetable Oil 
(cottonseed oil) 

Sulfuric Acid (H2SO4) 

Methyl Ester 

Vegetable oil 
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Figure 2. Experimental Setup with main parts 

 Where, 
T1, T3 Inlet Water Temperature 0C                                    F2      Air Intake DP unit 
T2 e 0C  PT      Pressure Transducer 
T4 t Calorimeter Water Temperature 0C   Wt      Load       kg 
T5 N     
T6 Exha EG     (5 gas) 
F1 Fuel Sm  mete
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Production 
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Table 1.  Experimental Setup Specifications. 

E
Four-stroke, single cylinder, constant speed, 

e 

 
Outlet Engine Jacket Water Temperatur
Outle
Exhaust Gas Temperature before Calorimeter 0C  RPM Decoder 

ust Gas Temperature after Calorimeter 0C A  Exhaust Gas Analyzer 
Flow DP (Differential Pressure) unit SM oke r 

sults and Discussions  

4.1. Optimization of Different Par

The rate of conversion from CSO to CSOME depends
upon the different parameters lik

ure, catalyst percentage, methanol percentage, 
 of reactants, etc.  In this work, reaction temperature, 
st percentage and methanol percentage have been 

tigated.  

 Reaction Temperature and Biodiesel Production 

Figure 3. shows the effect of methanol percentages on biodiesel 
production.  The volumetric percentages of methanol were varied

5% to 25%.  The weight percentage of catalyst (NaOCH3) 
xed at 0.5%.  The reaction temperature was varied from 45 
0C. The maximum bio-diesel yield was noticed at 20% 
nol.  This was due to the fact that the 20% methanol has a 
ble influence on maximum bio-diesel production.  A 
um of 76% biodiesel production was observed at 20% 

nol and at a temperature of 550C. 

 Effect of Temperature on Bio-Diesel Production 
H(NaOC

 
 

3=0.5%) 

ngine 
water cooled Diesel engin

M
Power/ HP 

5
aximum 

.2 KW @ 1500 RPM/ 7.2 HP 

B  8ore x Stroke 7.5 x 110 mm 

C
R

1
ompression 
atio 

7.5:1 

D E rent dynamometer with loading unit ynamometer ddy cur

 

4.1.2 Influence of Catalyst Percentage and Biodiesel 

diesel pr  
fr

Figur
(C

constant to  
in  
as
ve
fa  

. 
Production 

Figure 4. Depicts the influence of catalyst percentages on bio-
oduction.  The weight percentages of catalyst were varied

om 0.5 to 0.75%.  The optimum methanol percentage was kept  

e 4. Effect of Catalyst (NaOCH3) Precentages on Bio-Diesel 
H3OH=20%). 

 20%.   It can be seen from the figure that with the
crease in lye catalyst, bio-diesel yield decreases.  This may be
sociated with the increase in the formation of wax.  The 
getable oil used in transferification process contains many free 
tty acids.  The catalyst reacts with these free fatty acids and
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produces wax.  A maximum of 76% bio-diesel yield was found at 
0.5wt%.  Catalyst and at a reaction temperature of 55oC. If the 
weight percentage of catalyst is used below 0.5% the bio-diesel 
production was found minimum. Thus 20% methanol and 0.5% 
NaOC
produ

4.1.3

Figure
produ

o

maxim
with t
metha
produ
tenden
time. 
produ

Figure 5. Effect of Reaction Time on Bio-Diesel Production 
(CH3OH=20%NaOCH3=0.5%, Reaction Temperature 60°c). 
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is necessary to reduce the viscosity of a fuel.  Fuel with relatively 
higher viscosity will not break into fine particles when sprayed.  
Large particles will burn slowly resulting in poor engine 
performance.   On the other hand, if the viscosity is too low, the 
fu  
in
op
C
20  
po

T

 

4.3. Optimization of Engine Speed 

ncy (BTE) with neat 
diesel fuel at differ
sp TE 
is
am  

Figure 7. Effect of Engine Speed on Brake Thermal Efficiency 
(Load = 49N). 

 

H3 were chosen as the optimum percentages for biodiesel 
ction.   

. Influence of Reaction Time on Biodiesel Production 

 5  shows the effect of reaction time on bio-diesel 
ction.  The catalyst percentage was set to 0.5.  The reaction 

temperature was kept at 55 C.  It was found that when reaction 
time increases, the bio-diesel production increases and reaches 

um at about 8hrs.  Then bio-diesel production decreases 
he increase in reaction time.  When the mixture of CSO, 
nol and catalyst was kept for 24hrs, the bio-diesel 
ction was reduced to 70%.  This was due to the fact that the 
cy of soap formation increases with the increase in reaction 
 It was found that for 8hrs the maximum bio-diesel 

ction was 76.5%. 

roperties of Neat Diesel Fuel and Biodies
res. 

Performance of CI engine greatly depends upon the properties of 
fuel, among whic

rific value, etc are very important.  In this work the 
 of temperature on viscosity with neat diesel fuel and 
nt biodiesel mixtures have been investigated. 

sity and other properties of neat diesel fuel and CSOME 
etermined by the authors and shown in Table 2.  Regarding 

lity, there are no direct volatility data for bio-diesel, but it 
 explained with the help of distillation temperature.  Since 

 fuel (90% = 326oC, table 2) has lower distillation 
rature than that of biodiesel (90% = 361oC, table 2), neat 
sel has low volatility. 

. Viscosity as a Function of Temperature 

  One of the major interests of this work is bio-diesel 
 plays an important role of diesel combustion and 

st emissions. Figure 6 Shows the variation of absolute 
ity of diesel and different bio-diesel mixtures with respect to 
ratures.  It is clear from the figure that absolute viscosities 
t diesel fuel and different bio-diesel mixtures decrease with 
sed temperature and vise versa.  By increasing the 
rature of the fluid, the inter molecular attraction between  
nt layers of the fluid decreases, thus viscosity decreases. 

Figure 6. Variation of Absolute Viscosity of different Diesel-
sel blends with respect to Temprature. 
gure also indicates that viscosity increases with the increase 
diesel percentages.  For proper functioning of the engine, it 

el will not lubricate the moving parts of the injection pump and
jection nozzle.  This causes rapid wear of those parts. For 
erating, a temperature range of 20-40oC up to B50 (50% 

SOME) can be effectively used.  For temperature range below 
oC, it is necessary to keep the bio-diesel percentages as low as
ssible. 

able 2.  Properties of neat diesel fuel and CSOME. 

Properties Neat diesel 
fuel 

CSOME ASTM 
Method 

Figure 7. shows the brake thermal efficie
ent engine speeds.  To optimize the engine 

eed, BTE versus engine speed curve has been drawn.  The B
 defined as the actual brake work per cycle divided by the 

ount of fuel chemical energy as indicated by the lower heating 

Chemical 
o

C 
f

- 
rmula 

14.09 H 
24.78 

C 54 H 
101O6 

Kinematic 
v

(m 0C 

3 6.1 
iscosity 

m2/s) at 40

.8 D445 

D 3) 
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8 8 ensity (kg/m
150C 

36 848 D 129

H
v

43,850 40,610 D 5865 igher calorific 
alue (KJ/Kg) 

Flash point (o C) 55 200 - 

C 49 etane number 53 D613 

C
C

-loud point (o 

) 
20 -2 D2500 

Pour point (o C) -24 -5 D97 

C n mass 
(w

84.6 76.0 D3176 arbo
t %) 

H
%

1ydrogen (wt 
) 

2.8 11.9 D3176 

O 0xygen (wt %) .00 10.36 D3176 

C tio 6.32 6.11 D3176 /H ra

S 0  ulfur (wt %) .038 <0.004 D3176 

Distillation (o C) - - D86 

10% 225 238 - 

50% 268  290 -

9 30% 26 361 - 
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value of fuel.  As can be seen in the figure,  with the increase in 
engine speed up to 850 rpm, the BTE increases.  This was due to 
the fact that with the increase in engine speed, the output power of 
the engine increases.  As power increases, the engine BTE 
increa
engine

4.3.1 al Efficiency and Brake Specific Fuel 
Consumption. 

(b) 

Figure 8. (a) Effect of Engine Torque on Brake Thermal 
Efficiency (Engine speed 850rpm), (b) Effect of Engine Torque 
on Brake Specific Fuel Consum

Figure 8 (a) and (b). Illustra
specific fuel consumption (B
diesel fuel and bio-diesel mi

proportional with the BTE.  From the figure, it was learned that 
BTE with biodiesel mixtures was little lower than that of neat 
diesel fuel.  The slight reduction of BTE with biodiesel mixtur
was attributed to poor spray characteristics, poor air fuel mixing, 
higher viscosity, higher volatility and lower calorific value. 

4.4. Exhaust Emissions with Neat Diesel Fuel and 
Biodiesel Mixtures. 

4.4.1. CO Emissions. 

Figure 9. Shows the CO emissions of the neat diesel fuel and the 
biodiesel mixtures. CO is an intermediate combustion product and 
is formed mainly due to incomplete combustion of fuel.  If 
combustion is complete, CO is converted to CO2.  If   the 
combustion is incomplete due to shortage of air or due to low gas 

temperature, CO will be formed.  Usually high diesel CO 
emissions are formed with fuel-rich mixtures, but as diesel 
combustion is occurred with lean mixture and has an abundant 
amount of air, CO from diesel combustions is low.  The 
comparative analysis of CO is shown in Figure9.  For bio-diesel 
mixtures CO emission was lower than that of diesel fuel, because 
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ses as well. The BTE of the engine decreases when the 
 was run at a speed above 850 rpm.    

. Brake Therm

(a) 

ption (Engine speed 850rpm). 

te the variation of BTE and brake 
SFC) with engine torque using neat 
xtures.  Figure8-a. shows that the 

ease in engine torque and, after 
ciency decreases with the increase 

o Figure8-b., BSFC 
 engine torque and becomes 

rom the figure 
ixtures, the BSFC values were 
hose of neat diesel fuel, and thus 

10
m
th
ex

efficiency increases with the incr
reaching maximum value, effi
of torque.  On the other hand, according t
decreases with the increase in
minimum and then increases again.  It can be seen f
that in case of biodiesel m
determined to be higher than t
more biodiesel mixtures were required for the maintenance of a 
constant power output.  It is well known that BSFC is inversely 

es 
Neat

odiesel mixture contains some extra oxygen in their molecule 
at resulted in complete combustion of the fuel and supplied the
cessary oxygen to convert CO to CO2.  Compared to neat d
el, 30% bio-diesel mixtures reduced CO emissions by 24%. 

igure 9. Variation of CO emission with Engine Torque for Neat
iesel and Bio-Diesel Mixture (engine speed 850rpm). 

.4.2. Nox Emissions. 

igure 10. shows the effect of engine torque on NOx emission. 
aturally NOx emission increases with the increase in 

torque.  It is well known that nitrogen is an inert g
remains inert up to a certain temperature (1100oC) and a
level it does not rema
reaction.  At the end of 

linder arises around 1500 C.  At this temperature oxidation of 
trogen takes place in presence of oxygen inside the cylinder.  On
e other hand, since the formation of nitrogen oxides do not 
tain chemical equilibrium reaction, then after the end of 
pansion stroke when the burned gases cool and the formation of
Ox freeze, the concentration of the formed NOx in the exhaust 
s remain unchanged.  Figure10. also shows that NOx level was 
gher for biodiesel mixtures than conventional diesel fuel at the
me engine torque.   This occurs due to the presence of extra 
ygen in the molecules of Bio-diesel mixtures.  This additional
ygen was responsible for extra NOx emission.  Approximately
% increase in NOx emission was realized with 30% biodiesel
ixtures.  Reduction of NOx with biodiesel may be possible with
e proper adjustment of injection timing and the introduction to
haust gas recirculation.  (EGR). 

igure 10. Variation of NOx emission with Engine 
 Diesel and Bio-Diesel 

.4.3. PM Emissions. 

igure 11. Shows the PM emission with neat diesel fuel and 20% 
odiesel mixtures.  The primary reason of the particulate 
ission from CI engine is improper combustion and combustion 

 heavy lubricating oil.  Diesel PM (some times also called diesel 
haust particles (DEP)), is the particulate component of diesel
haust, which includes diesel soot and aerosols such as ash
rticulates, metallic abrasion particles, sulfates, and silicates. 
hen released into the atmosphere, PM can take the form of 
dividual particles.  In this experiment, PM was measured by  
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filter cloth method.  It was found that particulate emission with 
20% biodiesel mixture was lower than that of neat diesel fuel 
because neat biodiesel contains 10-12% extra oxygen, which 
resulted in better combustion, lowers PM emission.  With 20% 
biodie
with n

zone of the cylinder, at high temperatures and pressures.  If the 
applied fuel is partially oxygenated, locally over-rich regions can 
be reduced and pr

Cottonseed oil methyl ester (CSOME) was produced by 
means of transerterification process using cottonseed oil, 
which can be described as a renewable energy sources
The viscosity of CSOME was reduced by preheating it 
before supplying it to the test engine.  After the fuel 
properties of CSOME have been determined, various 
performance parameters and exhaust emission of the 
engine were investigated and compared with those of 
diese
inves summarized as follows.   
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viscosity, higher density may be additional reasons for 
efficiency reduction with biodiesel mixtures. 

• Biodiesel mixtures showed less CO, PM, smoke 
emission than those of neat diesel fuel. 
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sel mixtures, PM emission was reduced by 24% compared 
eat diesel fuel. 

Figure 11. Variation of Particulate Matter Emission with Torque 
(engin

4.4.4

e speed 850 rpm). 

. Smoke Emission. 

Figure
Speed

The v
diesel was shown in Figure12.  For 10% 
biodiesel mixtures, smoke emission was less, compared to neat 
diesel fuel.  The maximum reduction of smoke emission with 10% 
biodiesel mixtures was observed by 14%.  Because of the 
heterogeneous nature of diesel combustion, fuel-air ratio, which 
affects smoke formation, tends to vary within the cylinder of a 
diesel engine.  Smoke formation occurs primarily in the fuel-rich 

 12. Variation of Smoke Emission with Torque (Engine 
 850rpm). 

ariation of smoke emission with engine torque for neat 
fuel and 10% mixture 

imary smoke formation can be limited. 

5. Conclusions 

.  em

l fuel.  The experimental conclusions of this
tigation can be 
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inematics viscosity and flash point of CSOME are 
gher than those of diesel fuel. 
 maximum of 76% BD production was found at 20% 
ethanol and 0.5% NaOCH3 at 550C reaction 
mperature. 
ermal efficiency with biodiesel mixtures was slightly 

wer than that of neat diesel fuel due to lower heating 
lue of the mixtures.  However, volatility, higher 

• NOx emission

ompared to the neat diesel fuel, 10% BD mixtures 
reduced PM, smoke emission by 24% and 14% 
respectively.   
Biodiesel mixtures (30%) reduced CO emission by 
24%, while10% increase in the NOx emission was 
experienced with the same blend.  The reason for 
reducing three emissions (PM, smoke and CO) and 
increasing NOx emission with biodiesel mixtures was 
mainly due to the presence of oxygen in their molecular 
st ucture.  Also low aromatics in the biodier
may be an additional reason for reducing these 
emissions. 
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The current work presents a numerical simulation of the thermal operation of a pyrotechnic solid propellant gas generator 
undergoing a tank test.  The effect of several parameters on the thermal characteristics of the system under consideration is 
inves ese parameters include heat loss to the ambient, heat transfer to the hardware elements of the present system, 
and a  
the p  
transf

Keywor

tigated.  Th
mbient temperature.  The question of the applicability of tank test results to auto airbag systems has been addressed.  In
resent work, it has been concluded that the thermal performance of present system is significantly sensitive to heat
er to the tank wall and to the value of the ambient temperature. 
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cond condensed-phase 
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1. Introduction 

Solid propellant gas-generators have several 
engineering applications.  Among these applications are 

ape systems, missile launching, 
powering actuators and valves, and short-term power 
supplyin
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and burning behavior of a composite solid propellant for 
airbag application.  In their article, it was reported that the 
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pilot emergency esc

g [1].  Of special interest to the present work is the 
rmance of solid propellant gas generators used in 
otive applications. Current automotive applications 
e inflation devices for driver, passenger and side 
t airbags and knee bolsters, and piston actuators for 
atic seat belt tensioners.  Contemporary airbag 

ms can be classified into two major groups based on 
onfiguration used to produce gas for inflating a 
le airbag [2].  The first group is referred to as 
technic” in which the air bag is inflated solely by 
 gas production from a solid propellant.  The second 
 is referred to as “augmented” in which hot gases 
ced from a solid propellant are diluted by an 

ent-temperature, high-pressure stored gas before the 
ixture is discharged into the airbag.  However, earlier 

g configurations (over the 1960’s) relied solely on 
urized, ambient-temperature stored gas to inflate 
gs [3]. 
ere are several issues of considerable concern to the 

ner of an automotive airbag system.  These issues 
e: 1) the size of the inflator, 2) the volume ought to 

cupied by the inflated airbag, 3) the transients of the 
g operation, especially the time duration of the 
ing process, 4) the force exerted by the airbag on the 
r and/or the passenger upon the inflating process, 5) 
nsitivity of the airbag-system performance to a wide 
 of ambient conditions, 6) the reliability of the airbag 
m over a relatively long period of time that spans over 
ears, and 7) the thermophysical properties of the 
ed propellant.  In an investigation conducted by 
r and Butler [4], the authors studied the 
position behavior of three condensed-phase 

llants commonly used in airbag industry.  These 
llants are 1) sodium-azide (NaN3), 2) a non-azide 
llant containing azodicarbinamide (ADCA), and 3) a 

le-based propellant (DB).  In their work, Berger and 
 studied several thermophysical properties of the 
 mentioned propellants including a) the flame 

erature and chemical composition of the product 
, b) the number of gaseous moles produced per mass 
ondensed phase propellant consumed, c) the 
nsed-phase (slag) production of each propellant, and 
d the toxicity of gas-phase combustion products.  It 
een concluded that there is a trade off between the 
tage of producing large number of gaseous moles per 
ass of solid propellant and the advantage of having a 

 flame temperature.  The study showed that among 
ree propellants under consideration, NaN3 has the 
t flame temperature, but also the lowest gas 
ction per unit mass of propellant.  The study 
uded also that there is a negative correlation between 
ame temperature and the amount of slag produced.  In 
er study, Ulas et al. [5] conducted an experimental 
tigation on the determination of ballistic properties 

alues of the activation energy and the pre-exponential
ctor of the Arrhenius equation. 

There appears to be a current demand for novel designs
f airbag systems such that the output of the airbag 
peration could be controlled according to different crash 
nditions.  These types of airbags
mart" airbags.  One method being studied for
ntrollable output is to add a second solid-propellant 
mbustion chamber to a standard augmented gas

enerator [6].  The traditional single-combustor gas 
enerator is designed around a single operating state. For 
ample, in the U.S. this is specified as being sufficient to 

rotect an unbelted, 74.5-kg adult in a 48-km/hr frontal 
llision. All other operating conditions are considered 

ff-design. The augmented, dual-combustion chamber
esign presented in ref. [6] can be optimized for three 
perating conditions to, consequently, have a more 
niform off-design performance. The wider range of 
ceptable operation is a result of dynamic controllability 

f the discharge process to match the kinematics of the 
ccupant as they are thrown towards the deploying airbag. 

In airbag industry, the performance of an airbag inflator
 often evaluated by conducting what is commonly called 
ank test”.  In a tank test, the combustion products are 
lowed to flow into a rigid tank that is initially filled with
bient air; in the meanwhile pressure and temperature 

istories of the combustion products in the tank are 
bserved.  Besides, the final product composition is 
easured. In an auto airbag operation, the combustion 

roducts flow into an inflatable airbag rather than a rigid 
nk.  From a thermal point of view, that is the major 
ifference between the operation of an auto airbag and a
nk test operation, given that all other design and 
perating conditions are similar.  The question remains
hether the tank test provides satisfactory description of 
e auto airbag inflating process.  One important issue is 
e amount of energy lost within the hardware components

f the system under consideration, especially the tank wall.
his energy plays a major role in the thermal behavior of
e products of combustion.  Hence, investigating the 
ount of energy lost within each hardware component

uld help judge whether the tank test is an acceptable 
presentation of the auto airbag operation.  Besides, it 

ansients of the airbag operation.  In a recent study, Sinz 
d Hermann [7] have developed an algorithm for

mulation of an airbag deployment. 
In the present work, it is intended to ev

rmance of a pyrotechnic solid-propellant gas 
enerator in a conventional tank-test environment.  Special 

phasis is put on the heat balance characteristics of the
stem at hand.  The analysis is performed using AIM; a

ermochemical events associated with the firing of a solid 
ropellant gas generator [8]. AIM models the processes of
as generation and discharge which are highly nonlinear
ents governed by first principles (i.e., solving complete
nservation equations, variable specific heats, mixture 
ixing rules, etc.). AIM also includes the dynamics of  



 © 2009 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 3, Number 3  (ISSN 1995-6665) 

 
200

     Figure 1: Schematic Diagram of the present problem/ 

coupled events such as ignition, heterogeneous 
combustion, particle filtering, heat transfer, phase change, 
and m  the 
simulatio
gradie

2. Pob

 thermal analysis of a 
conve lid propellant gas generator.  
This gas generator is based on the approximate design 
specif
The in

of product species calculated at one flame state are 
assumed to be the same throughout the combustion process 
[9]. With these assumptions an adiabatic flam
te
av

fo
pr t species
were
fre
to
co
ca

ass discharge.  Further demands arise when
n also takes into consideration the temperature 

nts within the walls of the hardware components. 

lem Description 

The present work introduces
ntional pyrotechnic so

ications of an inflator of a passenger-side airbag.  
flator at hand delivers the combustion products into 

stant volume tank such that the pressure inside the 
is elevated into a certain value without exceeding a 

um tank pressurization rate.  A schematic diagram 
 setup under consideration is shown in Fig. 1.  The 
ustion chamber contains the main propellant along 
a small amount of ignitor propellant.  The mass of 
llant occupies a portion of the total volume within 
ombustion chamber. Also, within the combustion 
ber is a metallic screen used to capture condensed-
 particulate and to cool the exiting gases.  The screen, 
a specified mass, has a hollow cylindrical shape and it 
ated at the inner wall of the combustion chamber.  
combustion products exit the combustion chamber 
gh an array of nozzles each of individual flow 
cteristics.   The nozzles are initially covered with a 
 foil that seals the interior of the combustion chamber 
the surrounding tank.  The burst foil is designed to 
re when the pressure within the combustion chamber 
es a predetermined burst pressure.  The discharge 
is a constant-volume cylindrical vessel with a 

spherical top.  It has a volume that is several orders of 
itude larger than the volume of the gas generator and 
 no exit nozzles.  The only inlet into the discharge 
comes from the exit nozzles of the combustion 
ber.  Initially, the discharge tank contains air at 
spheric conditions.   
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ellant used throughout this study is sodium-
 (NaN3).  It is assumed that the combustion process 
eds at an equilibrium state during the complete 
ng process of the propellant.  It is also assumed that 
urrounding conditions do not deviate substantially 
g the combustion process.  Therefore, the distribution 

mperature calculation can be performed at an estimated 
erage pressure within the combustion chamber. 
The standard JANNAF [10] species database was used 

r calculating the thermochemical properties of the
oducts of combustion for the propellant.  Produc

 chosen from this database by minimizing the Gibb's 
e energy of the reacting system within a specified 

lerance while satisfying the elemental population
nstraint.  PEP [11], a thermochemical equilibrium
lculation program, was used to solve the system of 
uations to determine the adiabatic flame temperature and 
e relative amounts of product species.   

The following premises dictate the mathematical 
rmulation of the present model: 

as-phase and condensed-phase combustion products 
are composed of multiple species.  

2. Specific heats of the species present are temperature-
dependent. 

3.  The existence of extreme turbulent mixing upon gas
deployment r
scales than diffusion time scales.  This motivates the 
assumption of well-mixed gases, and hence gaseous 
and condensed-phase products are assumed spatially
uniform within the combustion chamber, on the one
hand, and the tank, on the other. 

4. The use of the filtering screen restricts the solid 
propellant combustion to the combustion chamb

5. Ignition of the solid propellant is represented by an
empirical expression that was determined from 
experimental data. 

6. Heat transfer within the combustion chamber and
tank walls is axisymmetric, i.e. the temperature withi
the hardware walls is function of axial and radial 
coordinates in addition to time. 
The present conservation equa

ing conservation principles of mass and energy to the 
mputational domain under consideration.  The
mputational domain of interest is divided into 1) three 

as computational cells corresponding to the combustion
amber, the tank, and the ambient, respectively, and 2) a

rescribed number of hardware cells that represent the 
mbustion chamber and the tank walls.  These cells are 

btained by dividing the hardware walls into a number of
nite element cells.  The distribution of the gas  
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Figure 2. Distribution of the hardware Computational cells of the combustion chamber and the tank walls 
 
computational cells as well as the hardware cells is 
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ed in Fig. 2.     

e conservation equations of species mass and 
 are applied to the individual volumetric cells within 

generator system.  The gas cells shown in Fig. 2 are 
ated with the index j, whereas the j=1 for the 

ustion chamber, j=2 for the tank, and j=3 for the 
nt.  The gas within the volumetric cell j of size Vj, is 
ixed (spatially uniform) and has properties Pj, Tj, 

he mass inflow from cell j-1 is uniform across the 
rea and has properties Pj-1, Tj-1, and Hj-1 where Hj-
e enthalpy of the mixture in cell j-1.  The hardware 

shown in Figs. 2 are designated with the index M, 
 M varies from 1 to Mt.  Each hardware cell has a 
e VM, and has a temperature TM. 
r each gas-cell control volume j depicted in Figure 2, 
nservation of species equation takes th

form:  
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dent on the propellant surface regression rate grr , 
taneous propellant grain surface area gA , and 
llant density pro

r

pρ . The propellant burning rate is 
led as a function of pressure and variation from 
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and is represented by the form 
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tion for ropellants under quasi-steady-state pressure
nditions.  The variation of the propellant grain surface
ea, on which a flame is propagating, with burn depth, is

rimarily dependent on the geometry of the propellant
rain as well as flame spreading characteristics and can
so change due to grain fracture. The variation of the 
ropellant grain surface area, on which a flame is 
ropagating, with burn depth, is called the form function 
f the grain and is primarily dependent on the geometry of 
e propellant grain as well as flame spreading
aracteristics and can also change due to grain fracture.  

or this study, it is assumed that the form function is only 
function of grain geometry.  Thus, it is assumed that 

ame spread is instantaneous on the grain surface at the 
me of ignition and no grain fracture occurs.  Analyzing 
e regression of the propellant grain shape can develop a
rm function based solely on geometry.  For all results

resented herein, the propellant grains are modeled as
lid right circular cylinders, initially 1.1 cm in length and 

.1 cm in diameter which burn uniformly on all exposed
rfaces.  The right circular cylinder geometric shape

rovides a well-defined mathematical relationship between 
rface area of the propellant grain and the burn depth. 
The total rate of mass addition to the system du
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e to 
propellant decomposition is: 
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rates of mass production rate from the 
ropellant and ignitor charge according to Eq. (5) provides
osure for the addition of mass to the system and 
mpletes the necessary relations to conserve mass within 
e gas generator system. 
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ach volumetric cell through the 
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 cells that  direct thermal communication 
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is based on an effective heat transfer coefficient, heff, 
ed from Nusselt number correlations according to 
ometrical and flow conditions of the local flow [8].   
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Individual gas- and condensed-phase chemical species 
are tracked throughout the numerical simulation, thus 
requiring thermodynamic properties for each chemical 
species over a wide range of conditions.  A fourth-order 
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All condensed-phase species are considered 
incompressible: 
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where R , the gaj s constant for cell j, is dependent on 
the local mixture molecular weight: Wj = Σ XkWk 
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tions is developed to express the time derivatives of
l dependent variables: gas- and cond
mperatures, individual species mass, and gas pressure 
ithin each gas cell, in addition to hardware temperatures.  
hese differential equations combine with the constitutive 
lations to form the governing equations for the gas 

enerator systems. 

 Discussion of Results 

The results of the pre

position is often used in airbag industry.  A 
ermochemical equilibrium code [11] has been used to 
aracterize the equilibrium composition of the present 

ropellant.  Table 1 describes the composition of both the 
actants and the products of combustion of the problem 

nder consideration, given that the reactants exist at
bient conditions and the products exist at the adiabatic 

ame temperature of the present mixture.  Table 1 shows 
at 60.412 % of the product mass is in condensed phase,
hile the gaseous products are mainly composed of N2.  
ence, the gas-phase reactions within the combustion 
roducts are neglected and all chemical species present at 
e calculated adiabatic flame temperature are assumed to

e chemically frozen.  
The present results are obtained using the software

 [8].  AIM incorporates the chemical kinetic package 
HEMKIN [14] to evaluate thermodynamic properties for
l species present.  It also uses the ordinary differential
uations solver LSODE [15] to solve the resulting set of

rdinary differential equations along with the proper initial
nditions numerically.  Besides, all chemical species are
aracterized in terms of standard-state, temperature-

ependent specific heat functions, heats of formation and
tropies of formation.  These chemical species data are
ken from JANAF thermodynamic tables [10].  Table 2
ows the initial, operating, and design conditions that 
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have been used throughout the present computations.  
These conditions resemble a generic inflator system.  

The operating and design conditions that appear in 
Tables 1 and 2 have been used to produce the results of 
prese
will b in 
the pres
condi
have 
comp
soluti
and i
cham

Figure 3. Temperature history inside the tank. 

the ta
vehic

Table 1.  Chemical composition of solid propellant and 
combustion products. 

 
Table resent tem p ters. 

Value 

nt case study.  Throughout this text, these conditions 
e referred to as “basic conditions”.  All the figures 

ent work have been produced using the basic 
tions unless otherwise stated.  AIM computations 
been verified in ref. [6].  The authors presented a 
arison between AIM computations and analytical 
ons for two standard problems, namely, isentropic 
sothermal dishrags of constant volume pressurized 
ber.   

Figure 4. History of the fuel precentage burn. 
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e temperature history of the gases inside th
n Fig. 3.  The maximum value of the gas-

rature inside the tank is reached after about 60 ms 
the beginning of combustion.  At this instant, almost 
 the solid propellant have just been burned as shown 
. 4. 

ance of an airbag inflator is commonly 
ted by several parameters.  Among these parameters 

e maximum pressure rise-rate, the peak pressure and 
rature within a standard discharge tank, and the time 
al of the pressure inside the discharge tank (pressure 

lse).  The maximum pressure rise-rate affects the 
g transients upon the inflating process.  The peak 
ure and temperature, and the pressure impulse inside 
nk are key issues in the safety considerations of a 
le occupant.  The pressure impulse provides a  

 2.  P  sys arame

Variable (units) 
Co bustion chamber material Aluminum m

Nozzles (Diameter(m) , (0
Number) 

.006,18) (0.005,12) 

ρC(kg/m3) 2770 
ρ t (kg/m3) 7854 

Filt  Carbon Steel er material
mC(kg) 0.68 

m  Filter(kg) 0.5467
LC(m) 0.2712 

L  Filter(m) 0.247
m (kg) P 0.445 

N 14 
R (IC m) 0.02615 

RI  Filter ) (m 0. 5020
ROC(m) 0.03055 

ROFilter(m) 0.0255 
Tan l C el k materia arbon Ste

VC(m ) 3 0 6 .000582
Vt(m

3) 0.06 

 
computations with and without heat transfer to the tank 

walls. 
meas  
o
p
sy
b   
T
co  
T
th
ai
th  
ta  
ta  
w  
o  
p
F  
p  
tr
p
se
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ure of the momentum transferred to a vehicle
ccupant.  The peak pressure within the discharge tank 
rovides a measure of the discharged energy of an inflator 
stem.  In airbag industry, the conventional tank test has 

een used to evaluate the performance of airbag inflators.
he question that rises is whether or not the tank test 
nditions resemble the actual operation of the airbag. 

here is a considerable difference between heat transfer to 
e wall of the discharge tank and heat transfer to the 
rbag.  This may lead to a significant difference between 
e thermal behavior of an airbag operation and that of a
nk test.  It is intended to investigate the sensitivity of the
nk test output to the amount of heat transfer to the tank
all.  This could help evaluate the need for more research
n the airbag itself rather than the tank test.  For that
urpose, the pressure history inside the tank is plotted in 
ig.5.  The figure compares the present calculations of the
ressure transients with a similar case but without heat
ansfer to the tank wall.  It is clear that both the peak 
ressure and the pressure rise-rate are considerably 
nsitive to heat transfer to the tank wall.  This result 

omponent Phase Mass % Mole % M

NaN3 S 8 65.01 60.998 77.48

Cu2O S 39.002 22.512 143.08 

Combustion Products 

N2 G   39.451 53.807 28.01

Cu S 34.661 20.842 63.54 

Na L 22.99 8.846 14.702 

N G  a  0.136 0.227 22.99

Na2 16.O S 905 10.421 61.98 
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suggests that one should be careful upon applying the tank 
test results on airbag systems directly.   

Figure 7. Effect of ambient temperature on the history of the 
pressure impulse. 

Figure 8. Effect of ambient temperature on tank pressure history. 

Figure 9. Effect of ambient temperature on tank temperature . 

impulse is shown in Fig. 7.   
p  
ar  
2
te
sy  
th
p  
ris  
te

Figure 5. Computation of the tank pressure history. 
Comparison between 

The high sensitivity of the thermal characteristics of the 
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much
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the h
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the h
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nt system to heat transfer (observed in Fig. 5) creates 
erest in the heat transfer issue of airbag systems.  It is 

g to perform an energy balance to find out how 
 energy is lost through heat transfer to the hardware 
g the operation of the current system.  Figure 6 
nts the history of the integrated amount of heat 
er to the combustion chamber wall, the screen filter, 
nk wall, and the ambient.  It Fig. 6, it is shown that 
eat loss to the ambient is negligible.  At the same 
 the tank wall absorbs energy the least, while the 
ustion chamber wall absorbs energy the most among 
ardware elements.  However, Fig. 5 shows that the 
nt system is significantly sensitive to the heat transfer 
e tank wall.  Figures 5 and 6 demonstrate the 
rtance of heat transfer to the hardware in modeling 
 systems.   

to th
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 History of the heat absorbed by the combustion chamber 
the tank walls, the screen filter, and the ambient. 

portant issue in the design of airbags systems is 
ensitivity of the airbag performance to ambient 
tions.  Airbags operate under a wide range of ambient 
eratures that might span from 230 to 320 K.  It is 
tial to investigate the performance of the present 
le case under a broad extent of ambient temperatures.  
ffect of ambient temperature on the tank pressure  

The figure shows that the tank
ressure impulse at an ambient temperature of 320 K is
ound 50 % larger than that at an ambient temperature of

30 K.  Further explanation of the effect of ambient 
mperature of the thermal characteristics of the present 
stem is presented in Figs. 8, 9, and 10.  Figure 8 shows
at as the ambient temperature increases the maximum 

ressure inside the tank as well as the maximum pressure
e-rate increases considerably.  The increase in ambient

mperature increases the temperature level of the inflating  
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Figure 10. Effect of ambient temperature on history of fuel 
precentage burn. 
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1. Th ent is negligible. 
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impulse increases by 50 %, the combustion time 
decreases by 35 %, the maximum tank pressure 
increases by 20 %, and the maximum tank temperature 
increases by 27 %.  
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 eventually increases the maximum 

 in the maximum tank pressure due to 

yrotechnic solid propellant gas
 been analyzed.  The current results presented

erature inside the tank as shown in Fig. 9.  T
ins the increase

his 
1995, 93-114. 

[5] A. Ulas, G.A. Risha, K.K Kuo, “Ballistic properties and
burning behavior of an ammonium Perchlorate/Guanidin
Nitrate/Sodium Nitrate airbag solid propellant”. Fuel, Vor ambient temperature.  The marked effect of the 

ent temperature on the burn rate that is shown in Fig. 
xplains the effect of ambient temperature on the 
mum pressure rise-rate.  The figure shows that the 
nt solid propellant burns faster at higher ambient 
tions.  Consequently, the mass flow rate of the 
ct-gases into the tank increases and results in a faster 
 the tank pressure. 

nclusions 

In the present work, a p  
 

[9]

nded to show the thermal characteristics of a 
ic design of an airbag inflator in a tank test.  For the 
nt operating and design conditions, the following 
usion are drawn:  

e heat loss to the ambi
2. The tank pressure history is sensitive to heat tr

the tank wall.  This makes it necessary to inco
 char

rporate 
accurate heat transfer modeling for heat transfer to the 
hardware elements of airbag system.   

3. The tank test results should not be applied directly to 
auto-airbags because the significant difference in heat 
transfer between the hot gases and the tank wall on the 
one hand, and the hot gases and the airbag, on the 
other, affect the tank pressure history. 

4. It has been concluded that the thermal perf
the system under consideration can be significantly 
affected by the ambient temperature.  If the ambient 
temperature rises from 230 to 320 K, the tank pressure 
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Many works have been carried out to determine expressions for critical loads of crack propagation in flat plates under 
eleme  cases of shear, compression, bending and combination of theme. In this new solution, the analytical work 
must take into consideration the effect of fluctuating the buckling load for panels under various types of bending and shear 
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ntary load

ng. The effect of combined buckling shear and bending stresses on the crack propagation has been considered in this 
rch. The analytical solution is based on a combination of maximum strain under mixed mode, Paris and Sih equation
Forman et al. equation. Different boundary conditions must be included in the flat plates, and new stress intensity factors 
mbined modes I and II have been developed for the crack growth. Also the results show the effect of crack length on
ess distribution and the direction of crack propagation. 
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1. Introduction 
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is an additional possible m

. When a thin rectangular sheet is subjected to 
 which can potentially cause failure by buckling, 
 loads comprise combinations of compression, shear 
ending forces. Generic to all of these cases is the 
nce of stress gradients across the shells. 
evious researchers have carried out work mainly 
 on the use of energy methods such as the Raleigh –

ethod  [1], to determine theoretical buckling loads 
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cted collapse loads for the case of a flat rectangular 
under combined shear and bending. 
 great deal of research has been devoted

hanism of fatigue, and yet there is still not a 
lete understanding of the phenomenon and the effect 
igue loading on the crack propagation under complex 
 of boundary conditions. Knowledge of the initiation 
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 path of a fatigue crack greatly 
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site and subsequent growth
assists in determining th

s consequences. In addition, knowledge of the stress
tensity factors at the various stages of growth is used to
certain the service life of such components. (Nurse and 

atter son) [6]. D.R.Tadjiev et al. [7] studied the fatigue
ack growth prediction under random loading in
ecimens of high strength aluminum alloy using modified
ot mean square (RMS) model for each specimen to 

etermine the max. And min stresses under constant
plitude loading, R.Doglione and M. Bartolone [8] 

udied the fatigue crack propagation in a 2195-T8 alloy 
late. They showed that fatigue resistance of this alloy is 
mparable to that of the classical competitor alloys and

igh lights stress ratio effects on the behavior at the
reshold which causes the stress intensity range (∆kth) 

ecrease as R increases . Yongming Liu et al. [9] 
eveloped a new mixed mode threshold stress intensity 
ctor using a critical plane based multiaxial fatigue theory 
d the Kitagawa diagram. The proposed method is a

ominal approach since the fatigue damage is evaluated 
sing remote stresses acting on the cracked component 
ther than stresses near the crack tip.    

An alternative method for determini
ckling load and its effect on the crack propagation in

in shells under complex load cases by using combined
ethods of max strain and max stress was done in this
search. This has the advantage of allowing more difficult 

oundary conditions to be modeled, and loads to be
plied as they exist in situ, thereby recreating varying 

resses fields within the panel. This paper calculates the 
uckling loads for plates of four aspect ratios with 
ifferent crack of lengths. 
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2. Theory 

2.1. Fracture Mechanics for Fatigue 

hanics can only be applicable to fatigue 
itiation phase to enable crack growth to be   

e is generally 

2.1.1.

Th
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or sli
be fo
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at 45
the p
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the 
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he critical stress 
ack accelerates 

more rap
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ampli
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3. Cr

growth is described by the 
Paris-Erd

2

2 .. tKb
)(

2)-1(12 bcr μ
πσ Ε=

2

2

2 .. tKs

Fracture mec
after the crack in
predicted. As stated earlier fatigue failur
considered to be a three – stage process:  

 Stage I The Initiation of a Crack 

ere is some doubt as to where this occurs, and the 
sses of nucleation and stage 1 growth 

understood. 
Using electron microscopically techniques for 

ving extrusions and intrusions from well defined slip 
 [10]  and have been proposed a theory of cross  slip 
p on alternate slip planes and initially the cracks will 
rmed [11]. These cracks are likely to be aligned with 
irection of maximum shear within the component i.e. 
 

)(
)-1(12 b

cr μ
πτ Ε

=

tْo the maximum principle stress. Hence nominally, 
osition of maximum tangential stress has been used; 
assumes that surface flaws are homogeneously 
buted and will from the site of a crack initiation. This 
od has been used taking into consideration the effect 
ction on the crack propagation [21]. 

. Stage II Crack Propagation  

fter initiation, crack propagation occur
growth according to [10]. Description
growth which attempts to include stage 1 and 2 growth in 

determination of crack path would necessitate 
ledge of the transition between stage 1 and 2 growth. 
 1 growth occurs immediately which often grow with 
ng shear component. Most cracks move to stage 2 

ths with increasing crack length, which is 
cterized by macroscopic effects with crack is 
cterized by macroscopic effects with crack growth 
nated by mode I  displacements. 

. Stage III Crack Acceleration 

 tWhen the crack has grown so that
intensity factor KIc is approached, the cr

idly with non linear relation until KIc is exceeded, 
 final catastrophic failure occurs. This is related to the 
tude of the stress intensity factor ∆k during the cycle 
 increases in this stage. 

ack Growth Laws 

For many materials stage II, 
ogan law which is:- 

mkc
dN

da
)(Δ=   

Where c and m material coefficients (m lies between 2 
and 7) 

Th le relationship can be used to predict life time 
of compo
Howe rowth 
rate m
then 
stage

The propagation of the crack in stage 2 has been 
predicted in this study assuming brittle failure. It has been  
shown that stress and strain methods are more reliable than 
those based on strain energy criteria. This is especially true 
when

fo  
re  
th rpendicular to the 
large

d  
st  
ap
w
it
ra  
sa
F  
u
o

4.

For a plate with simply supported edges and the crack 
 and II because the buckling of 

rectangular p  
co  
co

4

ng strips and 
en studied by many works.Some workers [14] 

used
p  
cl  
h
b

Where 
a=  of longer side of plate   
E
b
K er   
t=
μ

ing to he boundary condition and 
asp
p  
re
[1

4

 problem of a rectangular plate with simply 
supported edges, it has been used the principle of 
co
d  
cr

 

is simp
nent if the stress amplitude is constant. 

ver, when stress amplitude varies, then the g
ay depart markedly from the simple relation, and 

Forman equation could be used, which also describe 
 III. 

 there is a mixed mode crack [12]. 
Added to this, the stress and strain based methods , 

und in ASTM standard E647 – 939 [20] have more
adily understood physical basis, which essentially states
at failure will occur in the direction pe

st stress or strain. 
In this study, the method used for determining the 

irection of crack growth by using maximum principle
rain which comes from mixing two modes, I and II, by
plying fluctuating buckling stress. The method adopted 
as based also on the maximum circumferential stress and 
s direction with the crack propagation. The values of the 
tio KII to KI was predicted and was improved by
tisfying these values, mathematical approach in [13]. 

rom these ratios of KII / KI, we can find   ΔK, and then
sing them to find the crack growth rate in the expression 
f formans under mixed bending and torsion stresses. 

 Theoretical Analysis 

propagate by two modes I
lates with mixed boundary conditions under

mbination of bending and shear as shown in fig 1(a-b)
uld be Equivalent to state two conditions: 

.1. Shear 

The problem of shear buckling for lo
plates has be

 Donnells equations to investigate the buckling of long 
lates under shear with both simply supported and
amped edges for the whole curvature range. This work
as shown that the critical stress of a panel in shear 
uckling can be written as: 

length
=young’s modulus 

de of plate  =length of shorter si
s=shear buckling stress paramet

  thickness of plate  
=Poisson’s ratio.    

tKs varies a accord
ect ratio. It has been looked at the case of a rectangular 

late with one edge clamped using a Fourier series to
present the deflection of the plate in the energy equations 
5]. Values of Ks are shown in table (1). 

.2. Bending 

To solve the

nservation of energy and a deflection in the form of a 
ouble trigonometric function [3]. For pure bending, the
itical load can be calculated by the formula: 
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Where 
 Kb= bending buckling stress parameter. 
Kb varies according to the boundary condition and aspect 
ratio values of Kb are shown in table (2) 

5. Equations for the Relation of Fatigue Buckling and 

The relation between fatigue buckling and crack 
propagat
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Also we could find γθ as: 
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ro. The roots of this equation give values of 

progr
to ze θ  at 

 max or min of the strain, which are the principal 
s in the polar coordinates. The first root is found to 
e maximum. The same roots substituted in equation 

ust be given a zero value of shear strain 

which
strain
be th
(13) m γθ  . 

Th

and 

ese gives two set of equation which relates the ratio  

θ  for combined effect of mode II and I for 
 propagation. crack

2- It 
loadi
inclin
fig 2-
[16] s

could be related between mixed mode I – II 
ng involves axial loading in the y direction of a crack 
ed as result of rotation a bout the z axis as shown in 
a. Even in this instance, analytical method done by 
hows that: -                                                       

aSinnCosKII

aCosnSinKI

πβσβσ
πβσβσ

)(

)(
22

22

+=

+=
 (1

 

                            (b) 
F

W
lculating the principle stresses from the 

condition shown in fig (2-a) and using Mohr's circle 
construction  

 

      (15) 

 
W

4) 

                                 (a)    

  
igure 2. (a),(b). 

 
hich could be done for very sharp and small crack?  
Now by ca

here 0=yσ and xσ = bending buckling stress 
And xyτ = shear buckling 

y using the values of  21 ,
stress 

B σσ ,  the ratio of the stress
tensity factories of mode I an

 
in II can be calculated from 
eq (14) as shown in fig (2-b):- 

d 

}a)(

)(

21

2
2

2
1

πββσββσ
πβσβσ
SinCosSinCosKII

aCosSinKI

±=

±=
 (16) 

)12()]
2

3

2
1(

222

3

222
[2

1
2)))

2

3

2
(

22
(

2
(

2

1
])

2

3

2
2[

22

2
(

2

1
)))

2

3

2
(

22
(

2

1
)

22

2

22

2
(

2

1

........(........................................................................................................................................................................................................................................................................................

θθθ

π

θ

π
θ

υ
θ

θθθ

π
υ

π

θθθ

π

υ
π

θθθ

π
υ

θ

π

υθ

π
εθ

SinSinCos
r

IIk
Cos

CosSin
r

Sin
E

CosCosCosSin
r

IIk

r

IIk

E
SinSinCos

r

Ik

r

Ik

E
CosCosSin

r

IIk

E
Cos

r

Ik
Cos

r

Ik

E

−+

+
+

−+
−

+−

+−=∴

)
2

3

2
2(

2

)
2

3

2
2(

2

)
2

3

2
2(

22
(

θθ

θθθ

θθθ

θθθ

π

Ik

CosCosSin

SinSinCos

CosCosSin
r

IIk

−

−

+−

)13()]
2

3

2
Sin-1(

222

3

222
[2

1
-2

)))
2

3

2
(

2r2

k
(-)

2

3

2
2(

2r2

k
-(

2

1
)

]
2

3

2
2[

2r2
-)

2

3

2
-2Sin(

22
(

2

1
[

2

1
-

.....................................,.........,,,,,,.........,.....................

IIII

nSinCos
r

k
CosCosSin

r

k
CosSin

CosCosSinCosCosSin

SinSinCos
k

SinCos
r

K

III

II

θθθ
π

θθθ
π

θυθ

θθθ
π

υθθθ
π

θ θ θ θ θ θ
π

υ
π

+
Ε
+

Ε
+

Ε
=

I

II

k

k



 © 2009  Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 3, Number 3  (ISSN 1995-6665) 210

b)-17.......()mi aK π( 2
min2

2
min1n CosSiny βσβσ +=

K-R)K-1( ΔcdN

da Δ=
nkc

1=
k

K
+

K

K
2

IIC

II )(
IC

I

 
From group (1) and group (2) of the solution, relation 
between KII/KI  can be obtained for crack propagation and 
the condition of external loading in which the stress 
intens
depen
3):- I
of cy
from g 
stress
the p
and m
princ
factor

And for min.stress intensity factor 

 
.  

Know

ity Factor depend on them. The plus minus in eq (16) 
d on the value of σ2 as compression or tension. 

n this group of solution, we used the fatigue equations 
cling loading by taking the fluctuating of buckling 
tension to compression, so that the buckling bendin
 will be change its direction, and from Mohers circle 
rinciple stresses may be determined for the maximum 

inimum limits of cyclic stresses, by taking the max 
ipal stress in determining the max stress intensity 
 as shown by [17] . 

Where y is a correction factor for finite plate and there
values depend on the aspect ratio of the plate given in (16)

ing that min2σ have mines sign because it is 

exprescompression, th
terms

e relation sing crack growth rates in 
 of  KcK+Δ   and a measure of K mean was 
sed by [18] in the form: 

              

propo

                       (18) 

 
Where c, n=material constants  
Kc = 

R = load

fracture toughness  

 ratio ( 
maxk
mink

)   

∆k= kmax - kmin 

6. Determination of Stress Intensity Factors 

The determination of the mode I and II stress intensity 
facto
is fitt

The 
inten
and 
appro
Wher

7. Results 

For the case studies in this research, they taken are 
from aircraft standard specification duralumin  Bs3L100 
G  
an  
1
le
co  
g  
fa

Figure 3. a comparison of theoretical buckling loads for varying 
boundary conditions. 

Figure 4.crack length versus u displacement for combined mode I 
and II from the crack tip. 

In fig (3) the theoretical buckling load, for the case of 
pure shear only and pure bending only, mixed shear and 
bending stress with different aspect ratios. 

It can be shown that shear stress have pronounced 
effect on the mixed shear and bending, but this effect will 
be decreased with increasing aspect ratio, so that it become 
nearer to the bending condition only. The value of bending 
st  
in equations (14 , 15 ,and 16 )
on  

rs was performed by solving eq (12) and eq (16) and 
ed to the mathematical approach of  [13] in the form: 

determination of the mode I and II stress 
sity factors was performed by solving eq (12) 
eq (16) and is fitted to the mathematical 
ach of  [13] in the form: 

e 

Us
cal
th
Th
direct

ing
cul

e lo
is w

 a Newton-Raphson iteration scheme, and then it is 
ated approximately from the model dimensions and 
ads applied. 

ork is done for very small crack propagated in the 
ion of applying buckling load. 

rade 2014 T4 of rectangular plate with width b=100 mm
d thickness t=0.55m for aspect ratio 1,100 mm wide x

00 mm long. And aspect ratios 1.5, 2, 2.5 with crack 
ngth 2a=2, 4, 6,8,10 mm under fluctuation of 
mpression and tension buckling stress, where the result

ives the effect of this fluctuation on the stress intensity
ctor (∆k). 

ress is more pronounced on the crack propagation since
. This stress is more effective 
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than KII which multiplied by ( sinθ cosθ ) for very small 
values of  θ .   

From the strain method used in this study, the behavior 
of the displacement (u) in front of the crack tip with 
differ
behav
incre
incre
also 
aspec
rate o
incre

ent crack length could be shown in fig(4). The 
ior of the displacement will be decreased with 

asing aspect ratio, and the rate of decreasing also 
ased with increasing the crack length. It can be shown 
that with increasing the crack length for the same 
t ratio, the displacement will be increased, but the 
f increasing in the displacement are decreased with 

asing aspect ratio. 

figure 5. Normailized Stress intensity factors as a function of 
crack length for aspect ratio 1. 

figure
length for aspect ratio 1.

In figures (5),(6
this process were th

K1/K0 and KII/K0 ,

 6.normalized stress intensity factors as a function of crack 
5. 

),(7) , and (8), the data obtained from 
e normalized stress intensity factors 

 where K0  = aπσ 0 and 0σ is the 

different crack length, the 
values of KI/K0 and KII/K0 will be increased with 

, but these values decreased with 
. It is worthntoing that the values of 

 aspect ratio of 2.5 which means  

figure 9.fatigue cr
(2a=2mm) showing the ef

that the mode I 
fracture with incr

figure 7.normalized stress intensity factors as a function of crack 
length for aspect ratio 2. 

figure 8.normalized stress intensity factors as a function of crack 
length for aspect ratio 2. 

ack propagation in aliminum plate with 
fect of  Δk vs.da/dn. 

fracture is more effective than mode II 
easing aspect ratio of the thin plate. The  

aπσ 0

applied or normal stress. For 

increasing crack length
increasing aspect ratio
KII have small values for
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figure 10.fatigue crack propagation in aliminum plate with 
(2a=4mm) showing the effect of  Δk vs.da/dn. 

figure 11.fatigue crack propagation in aliminum plate with 

results show that the variation in the values of KI and KII 
depends not only on the values of the normal and shear 

stresses, but also on other factors like aspect ratio, and the 

 
figure 13.fatigue crack propagation in aliminum plate with 

(2a=10mm) showing the effect of Δk vs.da/dn. 

(2a=8mm) showing the effect of  Δk vs.da/dn. 

figure 12.fatigue crack propagation in aliminu
(2a=8mm) showing the effect of  Δk  vs.da/dn.

 

m plate with 
 

(a) 

(b) 
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(c) 
 

 
(d) 

Figure 14. (a) fatigue crack in aluminum plate with aspect ratio = 
1 showing the effect of Δk vs.da/dn, (b) fatigue crack in aluminum 
plate with aspect ratio = 1.5 showing the effect of Δk vs.da/dn,  
(c) fatigue crack in aluminum plate with aspect ratio = 2 showing 
the effect of Δk vs.da/dn, (d) fatigue crack in aluminum plate with 
aspect ratio = 2.5 showing the effect of Δk vs.da/dn. 

ratio of crack length to the aspect ratio which is shown in
these figures.  

Calculating the fatigue crack propagation, by using 
Forman equation in four cases of aspect ratios (1, 1.5, 2, 
2.5) which results in four points connected by spline 
fitting gives good observation about the relation between                                                                                                                                     
∆k rsus da/dN for cycling buckling loads for                                                                        
thin plates, figures ( 9 , 10 and 11) .       

It can be seen the effect of increasing the crack length 
cause creasing in the value of  ∆k and increasing in the 
Form  cycling load    

It n be seen that increasing the aspect ratio causes an 
incre

 

,     
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s in
an

ca
ase in the

dN

da but the rate of increasing will be 

decre ed when we transfer from aspect ratio 2 to 2.5, and 
this is because the effect of stress ratio will be more 
effec  than the change in   ∆k       on the value of da/dN. 
Also from figures (12) and (13) increase the crack length 

and increasing the aspect ratio to values 2 and 2.5 cause 
very high values of da/dN which are corresponding to the 
effect of increasing of mode I (KI) and decreasing in the 
mode II (KII) in these boundary condition. 

the 
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[7 D.R.Tadjive , S.T.Ki ,”fatigue crack growth prediction in 
7475-T7351 Aluminum Alloy under Random loading using 
modified root mean square model “, Yeungnam university , 
South Korea , 2003,712-749 . 

[8 R. Doglione , M. Bartolone, “Fatigue crack propagation in 
2195-T8 Aluminum alloy plate”. 9th International conference 
on Aluminium  Alloys (ICAA9) , Institute of materials 
Engineering Australasia , 2004, 616-621 . 

[9 Y. Liu,  S. Mahadevan ,” Threshold stress intensity factor 
and crack growth rate prediction under mixed – mode 
loading”. Engineering Fracture Mechanics , Vol. 74 , 2006, 
332-345 .   

[10] P.J. Forsyth, “A two stage process of fatigue crack growth”. 
In proceedings of the crack propagation symposin, canfield, 
Bedfordshire, 1961, 76-94. 

[11] A.H. Cottrell, “Theoretical aspects of radiation damage and 
brittle fracture in steel pressure vessels”. Iron Steel Institute, 
Special Report No.69 , 1961, 281-296. 

as

tive

It could bee shown from figures (14-a, b, c, d) that 
variation of aspect ratio for crack lengths (2a=2,4,6
mm) causes nonlinearity in the b
(da/dn [(1-R) kc-∆k] mm/cyc.MPa √m, and the rate o
increasing will not be changed uniformly because
effect of combined mode I and II and the complexity of 
fluctuating of buckling loads and its effect on the fati
crack growth for high aspect ratio. 

nclusions 8. Co

It has been shown that the method developed for 
redistricting crack paths using comb
principle strain and maximum principle stress give g
results when compared with experimental results th
been obtained previously by some researchers for th
plate with small crack initiation [19]. Then this method ha
been used for predicting the crack growth for many aspe
ratio and its effect on the valu
The results show that increasing aspect ratio and crac
length causes very high values of da/dN and assist that th

 propagate under mode I rather thacrack n mode II. Also in
this research it takes into consideration the variation of ∆
with different aspect ratios for the same applied fluctuating
stresses.  

References  

[1] W. Ritz, “jairnal fur reine und angewandte Mathematic”.
Vol. 135(1), 1909, 1-61. 

[2] Young W C. Roarks formulas for stress and strain. Lon
McGraw-Hill; 1989. 

[3] Timoshenko S P, Gere J M. Theory of elastic instability
London: McGraw- Hill; 1961.            

[4] Bruhm  E F. Analysis and design of flight vehicle str
Indianapolis: Jacobs publishing Inc.; 1973

[5] C.A. Feathereston, C. Ruiz, “Buckling of flat plates und
bending and shear”. Journal
science, Vol. 212, 1998, 249-261. 

[6] A.D.Nurse, E.A.Patterson” Determin
mode it stress intensity factors from isochromatic data”. 
Fatigue and fracture of Engng Mater. Structure, 16(12), 
1993,1339-1354  

] 

] 

] 

( )[ ] ../K-R-( mMpacycmmΔK1
dN

da
c



 © 2009  Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 3, Number 3  (ISSN 1995-6665) 214

[12] S.K. Maiti, R.A.Smith, “Criteria of brittle fracture in biaxial 
tension”. Engineering Fracture Mechanics , Vol. 19, No.5, 
1984,739-804 . 

[13] Hellan  K. Introduction to fracture mechanics. London: Mc 
Graw –Hill; 1985. 

[14] Batdorf S B. A simplified method of elastic stability analysis 
f lindrical shells I- Donnells equation. NACA TN 
1341; 1947.  

[15] I . Cook,  K.C. Rockey, “Shear buckling of rectangular 
plates with mixed boundary conditions”. Aeronauta , 14 
,1963 . 

[16] P. Paris., G.C.sih ,. ASTM STP 381, 1965, 30. 

[17] Hertzbeg W R. Deformation and fracture mechanics of 
Engineering materials.  John Wiley and Sons; 1996. 

[18] [18] R.G. Forman, V.E. Kearrey,R.M.Engle, J.Basic 
Engineering Trans .ASME89459 , 1967. 

[19] Ewalds H L, Wanhilll R J. Fracture mechanics. Edward 
Arnold publication; 1989. 

[20] ASTM standard E647-93. 1993 Annual Book of ASTM 
Standards. Philadelphia, PA; 1993. 

[21] R.I. Burguete, E.A.Patterson,”The effect of friction on crack 
propagation in the dovetail fixings of compressed discs”. J. 
Mechanical Eng. Science, Vol. 212, Part c, 1998, 171 . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

or thin cy

.T

C.



 

 
 
 
 
 
 
 
 
 

 



JJMIE 
Volume 3, Number 3,September 2009

ISSN 1995-6665
Pages 216 - 221 

Jordan Journal of Mechanical and Industrial Engineering  
 

Water Pumping System with PLC and Frequency Control 

Aka a,* b b c

Department of Mechanical an

Abstract 

yleh  Ali , Mohammed Al_Soud , Essam Abdallah , Salah Addallah  

aDepartment of Electrical Engineering, Tafila Technical University, Tafila, Jordan 
bDepartment of Mechanical  Engineering ,  Al- Balqa  Applied  Universit y, Amman, Jordan 

c d Industrial Engineering, Applied Science University, Amman , Jordan 

In this study controlled thod of control of 
pumping flow rate is achieved by means of integrated programmable logic controller (PLC) and frequency inverter (FI). PLC 
main function is to determine the required flow rate levels and the related time intervals of the flow rate hold time. (FI) is 
used  
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point
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 water pumping system is designed, constructed, and modeled. The programming me

to control the dynamic change of temperature between various operating points. The designed system shows the
ility for full control of pumping flow rate from zero to maximum for any required range of time in case of increasing or
asing the pumping flow rate. All variables of the system will be changed gradually until reaching their needed working
s.The mathematical model of water pumping system with PLC and frequency control is built based on MATLAB-
LINK . A test rig built and an experimental study was performed. From the analysis of the experimental starting
ic characteristics of water pumping system and modeled characteristics, it was noticed that they are very similar. 
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1. Introduction    * 

 in the modern manufacturing 
systems may be used as main parts in many industrial 
activities
The 
indus
[1].In
consu
centri
analy
syste
face 
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curre
and e
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induc
consi
one c
comm
gener
shift 
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opera
requi
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Pumping equipments

, like chemical industries, food industries, etc. 
automation of the pumping processes in those 
tries will certainly lead to improve their performance 
 Jordan about 18% of generated electrical power is 
med by three-phase-induction motors driven 
fugal pump in water pumping stations. From the 
sis of the working conditions of water pumping 
ms, it is noticed that there are many problems, which 
the work of such systems, as hydraulic hammers, 

ic stresses in mechanical parts,  high starting 
nts in the there-phase -motor driven centrifugal pump, 
nergy saving problems [2]. 
 new single-switch parallel resonant converter for 
tion heating was introduced in [3].The circuit 
sts of an input LC-filter, a bridge rectifier, and only 
ontrolled power switch. The switch operates in a soft 
unication mode and serves as a high frequency 

ator. A voltage-fed resonant LCL inverter with phase 
control was presented in [4].It was observed that the 
ol strategy offered advantages in the megahertz 
ting region, where a constant switching frequency is 
red. The inverter steady state operation is analyzed 
 fundamental frequency analyses. A cost-effective 

efficiency inverter with phase–shifted pulse 
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ed for medium power (5-
30) kW induction heating applications is discussed in [5]. 
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modulation scheme was propos

he proposed inverter accomplishes soft switching
peration over a wide power regulation range. The actual
ower conversion efficiency reached was 96.7%. 

A control method of reducing the size of the dc-link
pacitors of a converter-inverter system was pre

he main idea is to utilize the inverter operation status
 the current control of the converter. This control
rategy is effective in regulating the dc-voltage level.
ven the dc-link capacitor is arbitrarily small and the load 
aries abruptly. In [7], a method was proposed to 
curately predict the minimum required temperature 
covery, considering repeatability and accuracy of the 
ak detector by investigating the relation between 
mperature recovery time and applied pressures using 
LC system. A methodology was demonstrated to design a 
LC program that organizes the relation between the
ysical inputs and outputs of the pumping tools in 
anufacturing systems. 

In [8], an experime
tigate the effect of using two axes tracking with PLC 

ntrol on the solar energy collected. The two axes
acking surface showed better performance with an 
crease in the collected energy up to 41% compared to the 
xed surface. This study seeks to design, model, and
periment of fully automated water pumping system with 

LC and frequency control, where the main PLC function
 to control the required flow rate levels and the related
me intervals of the pumping flow rate hold time. FI is
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used to control the dynamic change of pumping flow rate 
between various operating points. 

2. Water Pumping System Design and Control 

Fo erimentation, the 
electromechanical system PLC-FI-Three phase induction 

and 
constructed as shown in figure1. 

frequ
unit o
frequ
of fre

FI is a one-phase input, thr
power
ACM
of 0.
curre
pump

Qa/Qr=na/ nr (1) 

Where: 
Qa: The actual flow rate of water. 
Q  of water. 
na d of motor. 
nr ten speed of motor. 

ormance during starting 
to e frequency control laws 

unction of time, shown in 
F rol laws were started from 
th  
re  
co  
ze  
si

Figure 2.  The programmed input frequency of time in case of 
starting 

y 
using different ramp signals with starting time equal to 2 
seco  
to  
o  
as

Figure 3. Flow rate vs. time according to the different inserted 
co

to the different inserted control laws, the 
ou
st
in

r the purpose of exp

motor-centrifugal pump pipeline was designed 

Figure 1.Water pumping system with PLC and frequency control. 

Both the design of PLC and frequency controlled 
pump
program
instru
pump
used 
PLC 
type, 
voltag
unit t
outpu
funct
of PL
VDC
progr
suppl

ing system were performed, using an open loop and 
ming method of control in which stored 

ctions in memory of PLC was used to control the 
ing flow rate. PC is a personal computer which is 
to write the control program; then download it to the 
through communication cable. The PLC is S7-200 
which has 12 inputs, 8 outputs and 220 VAC supply 
e [9].The PLC main function is to instruct the analog 

o go on or off and to state the required percentage 
t and the related hold time intervals. The analog unit 
ion is to transfer the digital output value at the output 
C into analog value, which ranges from zero to 10 

 at the output of the analog unit. In the control 
am, different percentages of output voltage are 
ied to the AC motor driven centrifugal pump by the 
ency inverter, which is originally stated by the analog 
utput, where 0 VDC equals 0% at the output of the 

ency inverter and 10 VDC equals 100% at the output 
quency inverter. 

ee-phase output with a rated 
 of 0.95 KVA and a rated output current of 2.5A. 
 is a three -phase induction motor with a rated power 
37Kw at 50 Hz, and with a voltage of 240V and 
nt of 1.8A for ∆ connection [10]. P is a centrifugal 
 which has the following data: flow rate 10-30 L/min, 
14-22m and nominal impeller speed 2900 rpm. P 
cts the upper and lower tanks with 0.5 inch steel 

 to provide an unlimited water supply for the system. 
 a throttling value which could be used for varying 

low rate manually. A venture meter was used to 
ure water flow rate, and a stop watch was used to 
ure the time. The rotational speed of the pump 
ller was calculated using the following proportionality 
ion: 

r : The rated flow rate
 : The actual spee
 : The ra
To investigate the system perf

wards different input signals, th
which represent the frequency f

igure 2, were used. The cont
e base frequency of 10 Hz through the starting time to
ach reference frequency of 50 Hz. In case of direct
nnection to the supply network, the starting time equals
ro as shown in curve 1 of figure 2, which represents step
gnal [11]. 

The curves 2, 3 and 4 in Figure 2, where obtained b

nds, 3 seconds, and 4 seconds respectively. According
 the different inserted control laws, the output flow rate

f the water pumping system in starting condition change
 a time function as shown in figure 3. 

head 
conne
pipes
TV is
the f
meas
meas
impe
equat

ntrol laws 

According 
tput pump speed of the water pumping system in 

arting condition changes as a function of time as shown 
 Figure 4.  
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Figure 4. Speed vs. time according to the   different inserted 
control laws. 

From the analysis of starting curves in Figures 3 and 4, 
it can ut 
signal parameters of the water pumping system 
including
with 
Consi
decrea
secon
neglec
secon

Fig
functi
freque
after that

 be noticed that in case of starting with step inp
, all output 

 speed and flow rate exhibited a high peak value 
fluctuation until reaching the rated values. 

dering other control laws, the range of vibrations 
sed as time increased. Setting the starting time to 3 

ds exhibited very small oscillations that can be 
ted. While setting the starting time to more than 3 

ds exhibit no oscillations [12, 13]. 
ure 5 shows the variation of programmed frequency 

on of time. The control law was started from the base 
ncy  of 0 Hz to reach 12.5 Hz with in 10 seconds, 

, the frequency will be stable for 15 seconds, then 
equency will be changed softly from 12.5 Hz to the 
z through 10 seconds, later the frequency will be 
 for 15 seconds, then the frequency will be changed 
 from 25 Hz to 37.5 Hz through 10 Seep, after that 
equency will be stable for 15 seconds, later the 
ncy will be changed softly from 37.5 Hz to 50 Hz 
h 10 seconds, after that the frequency will be stable 
 seconds, next the frequency will slow down softly 
Hz through 10 seconds, after that the frequency will 
ble for 20 seconds, then the frequency will slow 

 softly from 25 Hz to 0 Hz through 10 seconds.  

the fr
25 H
stable
softly
the fr
freque
throug
for 15
to 25 
be sta
down

 
 

speed of the water pumping system are shown in Figure 6 
and figure 7. 

Figure 6. Flow rate vs. time. 

Figure 7. Pump speed vs. time. 

Frequency inverter, according to the different incoming 
in h analog unit, operates the 
three  
an
w  
b
h
1.  

erter to state the required 

 a 

ure 
7 th  
fu
m
in
v  
re

3. Mathematical Model of the System 

The mathematical model of water pumping system with 
PLC  
M

 

Figure 5. Input frequency vs. time 

 
According to the control law, shown in Figure 5, the

exper
 

imental output flow rate and experimental pump 

structions of PLC throug
-phase motor with the required percentage of voltage

d frequency. Parameter unit is a type of programmer 
hich is used to program the ramp up and ramp down time
etween each two controlled levels. So, frequency inverter 
as two types of commands: 
 Type of commands supplied by the    PLC to the analog

unit then to the frequency inv
level of flow rate and the hold time interval. 

2. Type of commands supplied by parameter unit to 
ontrol the ramp up and   ramp down time toc  make

soft transition conditions between various operating 
levels.  
It can be noticed from the curves in Figure 6 and Fig
at the experimented system shows the capability for

ll control of flow rate and pump speed from zero to 
aximum for any required range of time in case of 
creasing or decreasing the flow rate and pump speed. All 

ariables of the system will be changed gradually until
aching their needed working points [14, 15]. 

 and frequency control will be done by using
ATLAB-SIMULINK graphical interface Figure 8. 
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Where: 
Ha   : The actual head of pump 
Hr : The rated head of pump 
Pa   : The actual power consumption 
Pr ted power consumption 

Figure 10. System main equations block. 

Output values of this block diagram are presented as 
th

Where: 
Ha   : The actual head of pump 
H ted head of pump 
P tion 
Pr

4.

ed control law shown in 
Figu
m  
p

F
 

Figure 8. Mathematical model of water pumping system 
with PLC and frequency control. 

The mathematical model consists of two blocks each of 
them 

Block ck is  
represen
induc ailable as a built using 
MAT  the main 
input
• R
• Fu

va ted frequency of the system. 

has a specific function.   

 1- The main function of this blo
t the vector control of a variable –frequency 

tion motor drive, which is av
LB library (see figure.9)[16]. In this block
 signals are: 
ated angular speed signal In 1 
ll value of dc controlled voltage  signal In 2  ,this 
lue is related of ra

• PC or PLC voltage signal In 3 
• Rated load torque signal In 4 

Figure 9. Vector control of a variable –frequency induction motor 
drive. 

Block is block contains the mathematical equations 
that 
relati
input
param
value

O as 
the main

 
 

 2- Th
are responsible for the main equations and 

onships of pumping system calculation. The main 
s of this block are the rated of pump system 
eters ( Qr ,Hr ,Pr)  and the rated and actual speed 

s of the induction motor (nr, na) (see figure.10).  
utput values of this block diagram are presented 

 system response as follows: 

                        / nnQr =

(4)                                      )/(/

(3)                                   )/(/

(2)                /

3

2

rara

raa

raa

nnPP

nnHrH

Q

=

=

: The ra

e main system response as follows: 

 

(4)                                      )/(/

(3)                                   )/(/
3

2

rara

raa

nnPP

nnHrH

Q

=

=

r : The ra
a   : The actual power consump
: The rated power consumption 

 System Operation and Test 

According to the programm
re 5 as a relation ship between frequency and time, the 

odeled output flow rate and pump speed of water
umping system are shown  in figure 11 and figure 12. 

igure 11.  The modeled flow rate. 

(2)                                        // raa nnQr =
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comp
Figur
Figur
mean
real 
frequ

6. Co

ll capacity water pumping system is 
designed
frequ
capab
maxi
incre
from 
that 

gradually until reaching their required operating points. 
The proposed mathematical model of the system 
successfully represents the real behavior of water pumping 
system with PLC and frequency control. 
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Figure 12. The modeled pump speed  

It can be noticed from Figure 11 and Figure 12 that the 
flow rate and pump speed in modeled system showed the 
capab o maximum for any 
required 

5. Di

PLC and frequency control of water pumping can be 
ions, for example starting, 

breaking,
another
pump
gradu
Cons
and d
pump
curre

ility for full control from zero t
range of time in case of increasing or decreasing. 

scussion and Results 

used in cases of dynamic condit
 and changing from one operating condition to 

. The using of PLC and frequency control of water 
ing system will change all variables of the system 
ally until reaching the desired operating condition. 
equently, it is possible to prevent hydraulic hummers 
ynamic stresses in mechanical elements in water 
ing system. Also it is possible to avoid dynamic 
nts in the three-phase AC machine. From the 
arison of the experimental curves in Figure 6 and 
e 7, and the theoretical curves in Figure 10 and 
e 11, it is obvoius that they are very similar. This 
s theoretical model can successfully represents the 
behavior of water pumping system with PLC and 
ency control. 

nclusions 

In this work, sma
, constructed and experimented by using PLC and 

ency control. The designed system shows the 
ility for full control of flow rate from zero to 

mum for any required range of time in case of 
asing or decreasing the flow rate. It can be concluded 
the experimentation of the water pumping system 
all variables of the system would be changed 
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An approach is proposed to determine the stress-strain state of soft shells having rectangular shape. The finite element 
method is applied to investigate the plane problem of strains and stresses calculation. The model is based on assuming that 
the dens train potential energy of the textile shell material is a function of the macroscopic strain measures of the soft 
shell. 
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stress
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ity of s
The results obtained from the calculations display that the internal boundary layers begin at the vertices of the aperture. 
alculations show that progressive cracks are developed due to the destruction of filaments forming the fabric along the

dary layers. The calculations are characterised by zero approximation and exact estimates of the maximum values of
es are determined. 
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1. Introduction                    * 

 textile industries [1, 2], 
studies are requested to investigate the stresses and strains 
resulted 
a fabr

In
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For the design and operation of

from the application of forces at the boundaries of 
ic having a rectangular form. 
 order to calculate the actual strains of a fabric, a 
ization of the energy functiona

n be fulfilled by finite elements methods with a 
us choices of these elements [3, 4]. For each choice, 
pproach is based on the calculation of the nodal 

s of unknown functions as a solution of a system of 
inear algebraic equations [5, 6]. In this study, a 
tion to a solution of Cauchy problem corresponding 
me parameters which characterize the rigidity of the 
 is used of the calculation of the actual strains. A zero 
 parameter relates to forces with negligible small 
ations in the filaments of the fabric. By assuming a 
value of this parameter, the deformation of the fabric 
e only resulting from the changing of angles between 
ents. In the Cauchy problem approach, the initial 
tions are taken as the deformations of the fabric at the 
value of the parameter. Different deformations of the 
 having a net structure with square meshes are 
ed when such initial conditions are applied [7, 8]. By 

ing various boundary conditions, the fabric can be 
ed into zones with bi-axial or one-axial deflected 
, and these zones can be separated by concentration 
and disruption lines of the stresses. The elastic 
rties of the fabric are considered in the calculations 
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Figure 1. Deformed fabric with aperture. 
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which is the most essenti

ncentration lines and disruption lines. To determine the 
eometric characteristics of the finite elements, the 
nowledge of the properties of these lines is of great

portance. 

 

In this study, a method is dev
cs which have or haven’t some inner cuts. Also, the 

nditions of the fabrics disruption at the cuts ends are
udied. Further studies are essential to understand the 
cal mechanical damages which produced from the 
anufacturing and the following processes, as these 

amages concentrate in areas of so small measure.  

2. The Problem of Energy Functional Minimization 

e rectangular section of 
rthotropic shell including may be a rectangular aperture 
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[9, 10]. The deflected mode of this section is supposed (see 
Fig.1) to be axially symmetric with respect to -axis 
and -axis, tensile loads 

elasticity of the shell material; therefore the equilibrium 
state of the shell reduces its energy functional to a 
minimum. This functional can be represented in the 
form(equation 5): 

where the double integral is taken over the whole fabric, 
function 

Ox
Oy μ


T  and μ
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square meshes made of non-extensible threads [13, 14]. In 
this case it is readily seen that for the first of above 
mentioned zones the following equations are valid: 
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The displacements of the shell’s particles 1V ( )ξ , 
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ich accomplishes exact investigation o

ation. This approximation is used a  
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ition when the desired solution is numerically
nstrued by continuation by parameter μ . 
Obtained results allow us to calculate in zero-

proximation coefficients )0(ku  and )0(kv . 
or considered textile structure of fabric the stresses are 
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F
d ed by formulas: 
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The calculations performed in this paper have shown, 
that the internal boundary layers beginning at verti
the aperture and dividing specified above zones aros  

ces of 
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Along these lines destruction of filaments forming the 
fabric leads to development of progressive cracks. In zero 
approximation exact estimations of the maximal values of 
stresses are received. 

5. Co

Th
eleme
of th
into a abrics which posses some inner 

abrics haven’t such inner
 different boundary conditions, the 

fabric is
axial 
of di
stress
calcu
to be 
and l
the co
cuts.  
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A double slope single basin, passive type, still with basin area of 1.75 m2 is fabricated and tested under laboratory conditions. 
The s on heat is simulated by using 2 kW electrical resistance heater placed below the inner basin. The heat supply 
is varied using control circuit. The still is tested for varying input condition to simulate the actual solar radiation condition 
with  
differ  
has b  
operat  
new m  
sunsh

Keywords: Solar Still; Laboratory Simulation; Minimum Depth; Modeling; Productivity

olar radiati

different minimum depths of water in the basin ranging from 2 cm to 0.2 cm. The experiment is also carried out at
ent constant input conditions with a constant depth of water. The variation of different parameters with production rate
een studied. It is found that the production rate increases with the increases of water and glass temperature. But at higher
ing temperature, the production rate increases with the decrease in temperature difference between water and glass.  A
odel is recommended for the still with shallow basin. The experiment is also conducted with the same still at actual

ine conditions and compared with the model. The experimental values are in close agreement with model values. 
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A lot of wor
tiveness of the simple solar still, which converts the 

rackish water into fresh water, using solar energy.
ecently, the authors reviewed the progress in improving 
e effectiveness of simple single basin solar still [1].
tudies show that basin water temperature is the 
gnificant parameter that affects the effectiveness of the 
ill. The basin water temperature is at maximum when the
eat capacity of the basin is less. The heat capacity of the
asin depends on the depth of the water in the basin. For
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given solar intensity variation, the still production rate is 
higher, when depth is at minimum [2-6].  

A Number of studies in the literature is available to 
examine  heat transfer process of the still. The most widely 
accep
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2. Internal and External Heat Transfer Processes 
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very s
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surface to cover. This evaporative heat transfer increases 
with the vapour pressure difference between the water and 
glass; and is responsible for bulk motion of air inside the 
still. This bulk motion increases the convection heat 
tr  
tr

 
Ja
co

table study was made by Dunkle [7]. Since then, 
of researchers used the prosed Dunkle

 analysis. But, the above model is suitable for  
 basin water temperature of 50oC. Clark [8] 
cted steady state experiment on solar still; and 

ined the validity of the various correlations, proposed 
r for evaluating the heat transfer coefficients. 
aqfeh and Farid [9] investigated heat and mass 
er processes and recommended new correlations for 
al convective heat transfer coefficient. Kumar and 

ri [10] recommended to test and model the fabricated 
or various atmospheric conditions for predicting the 
rmance at a particular place. An experimental still has 
tested, and analysis have been made to study the 
 to cover heat transfers by Porta et al. [11] and a 
ation to calculate the production rate of the still is 
ecommended [12]. Recently Tripathi and Tiwari  [3, 
tudied the effect of basin water depth on the internal 
ransfer coefficients. 
e authors already conducted experiment with a 
tory solar still, for layer of water with different basin 
ials; and studied the p
ar behavior of the still at higher basin water and 

 temperatures [14]. At lower depths, the basin water 
rature is high, and the production rate of the still is 

n proportion with basin water temperature and the 
ence between the basin and glass temperatures.  The 
tive of this work is to conduct three experimental 
 to analyze the performance of the double slope 
 basin solar still. Two works are carried out in 

atory conditions; one with varying heat input 
tion. Here, the experiments are carried out with 
ng depths ranging from 2 cm to 0.2 cm. This will help 
dying the effect of solar insulation on productivity. 

second experiment is conducted with constant heat 
 condition to study the variation of production rate 
various temperatures. Hence, constant depth of 1 cm 
o maintained. A new model for the still is proposed 
the above analysis. The model is verified by testing 
till at actual solar radiation condition for minimum 
s of water in the basin. For the still at actual sunshine 
tion, the heater is taken out, and the bottom is leveled 
cement concrete. This concrete layer stores excess 
during noon and releases heat during evening and 
. This increases the nocturnal production. 

urface and the glass cover are convection 
panied with evaporative mass transfer in the form of 

 vapour and radiation. The radiation heat transfer is 
mall if compared with other two heat transfers, and 

roduction of the still is not affected significantly by 
heat transfer. The evaporative heat transfer is 
nsible for the transportation of water mass from water 

ansfer. Hence the convection and evaporation heat
ansfer inside the still are interrelated.  

Dunkle [6] used the following correlation developed by
kob [15] to estimate the convection heat transfer 
efficient inside the still, (Relation.1) 
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The convective heat transfer is given by [7], 
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nt as per the 
detailed derivation given by k et al. [16] is given by
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Dunkle [6] assumed that the pw and pg are consider
smaller than the total pressure p, and the mean operating 
temp o

 

w g erably 
smaller than p for lower nge of basin water and glass 
temp  
m
an
te  
h
T

 

 water vapour is given by [

ably 

erature is 50 C and estimated the value of he as, 

016273.0/ =cew h  (4)

In equation (3), the values p  and p are consid

h

ra
eratures. When the still is with shallow basin, the

ean water and glass temperatures are higher than 50oC; 
d the equation (4) can not be used.   At higher 
mperatures, the partial pressure values are considerably
igher, and the equation (4) will not yield a constant value.  
he evaporative heat transfer is given by [16], 

(5))( gwewbe pphA −=  Q

The mass transfer rate of 16], 

fg

eQ
=w h

m  (6) 

At higher basin water temperature, the water is more 
susc  
in  
v  
as

percentage of vapour = 

eptible to evaporation and the water mass proportion
 the still air is high. The percentage of mass of water

apour present in the air inside the still is given as by
suming the air as saturated, 

s

s

ω
ω
+

 x 100 (7) 

where 

1

sω  is the kg of vapor present in the one kg of 
dry air at sat ed condition and it is given as [17],  urat

ws

ws
s pp

p

−
= 662.0ω  (8) 
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Figure 1. Single basin double slope laboratory still.  
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ated using following relation, 
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s taken as constant of 
 K as recommended by Duffie [18] including the 

ion effect for no freeze condition. In this work, the 
 convection heat transfer coefficient of the inclined 

ce was calculated using the procedure given by 
pera and Devwitt. [19]. 
e relation for average Nuss

surfa
Incro

Th elt number for the glass 
cover fo
recom
form:
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r entire range of Rayleigh number has been 
mended by Churchill and Chu [20] and is of the 

 (Relation.11) 

he ov transfer erall heat coefficient of the glass 
surface, including the radiation heat transfer to atmosphere 
and 
as

 

3. Laboratory and Solar Still 

pe solar still has been 
fabricated with mild steel plate, as shown in  Figure 1. The 
ov
m  
g  
h  
g  
u  
co
co  
p
co
fl
w  
b  
m  
te
th
lo
in  
w  
O
th
in  
d

without considering sky radiation, can be calculated 
: 

)( aggagga TThA −=  (12)Q

A single basin double slo

erall size of the inner basin is 2.08 m × 0.84 m × 0.075 
, and that of the outer basin is 2.3 m × 1m × 0.25 m. The

ap between the inner and outer basin is packed with rice
usk as insulation material.  The top is covered with two
lasses of thickness 4mm, inclined at 30o on both sides,
sing wooden frame. The outer surfaces of the still are
vered with glass wool and thermo cool insulation. The 
ndensed water is collected in the V-shaped drainage

rovided below the glass lower edge of the still.  The 
ndensate collected is continuously drained through 

exible hose and stored in a jar placed on the electronic 
eighing machine on both side of the still.  A hole in the
asin side wall allows inserting the thermocouples for the
easurement of the basin water, still, and condensate
mperature. To measure the basin temperature, four 
ermocouples were placed at the basin at different 
cations. Two thermocouples were dipped into the water 
 the collecting drainage on either side. The hole is closed
ith insulating material to avoid the heat and vapour loss.
ne thermocouple is exposed to atmosphere to measure 
e atmospheric temperature. This thermocouple is placed 
 a shadow area to prevent the variation in temperature

ue to incidence of sun radiation on the thermocouple.  
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Figure 2. Single basin double slope solar still. 
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a small tube is inserted to supply
sly to the basin from storage tank through a flow 

tor to keep the mass of water in the basin always 
nt. The heating coil of 2000 W is placed below the 
basin to supply necessary heat energy to the basin. 
put to the heater is given through a control circuit, 
 controls the input electrical energy. An energy 
 is fitted with the circuit to measure the input energy.  
 convert the laboratory still into an actual solar still, 
eater and power supply and measurement systems 

is fitted with the circuit to measure the input energy.  
 convert the laboratory still into an actual solar still, 
eater and power supply and measurement systems 

oved. The inner basin is also removed. The 
 of the still is leveled with 5 cm thick cement 

ete to minimize heat loss through the basin and to 
 the minimum depth of water uniformly, shown in 
 2.  The concrete surface is black painted to improve 

diation absorption capacity. The distillate output was 
ed with the help of a measuring jar. The solar 
ity was measured with the calibrated PV type sun 
.  
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y still at Steam Laboratory, National Engineering 
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 during December 2005 to February 2006. In the 
atory still, the heat input is given to the solar still 
 heating coil through control circuit. For a given 
ant depth of basin water condition, the input to the 
r is varied for every 15 minutes from 0 - 775 W/m2 

en 6 AM an 12 noon and from 775 - 0 W/m2 
en 12 noon and 6 PM  to match with the local 
ge solar radiation condition [8]. During night, the 
r supplies no heat. For given depth, all the 
vations are taken for 24 hours duration, starting from 
. The temperature of the atmosphere, basin water, 

he condensate are noted for every 15 minutes. The 

nducted for 2 cm, 1.5 cm, 1 cm, 0.5 cm and 0.2 cm 
pth of water in the still basin for same solar condition 
ithout freeze. For experimentation with depth of water 
5 cm and 0.2 cm, a light black cotton cloth is used to
read the water through the entire area of the basin. The 
ndensate temperature is taken as the temperature of the
ass cover. Figure 3 shows energy input given to the
boratory still at various times and corresponding
riation in atmospheric temperature.  
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for various depths ranging from 10 cm to 0.5 cm.  The 
observations are taken for 24 hours duration, starting from 
6 AM. The total radiation on horizontal plane, the 
temperatures of the atmosphere, basin water and 
conde
for ev

differ
and w
with 
The 
norm
tempe
Initia
less, 
differ

W
tempe
starts
conti
betwe

between the glass and atmospheric temperatures is at 
maximum when the production rate is at maximum. Then 
all water and glass temperatures and difference in 
temperatures start to decrease with production rate. 
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ery 30 minutes.  

Figure 4. Variation in temperatures and production rate for 
laboratory still with varying input – set I. 

Figure 5. Variation in heat transfer coefficients and production 
rate fo

The e
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of the
equat
water

r laboratory still with varying input 

5. Results and Discussion 

5.1. Analysis of Laboratory Still at Variable Input 
Condition 

vaporative heat transfer coefficients are calculated 
 equation (9), and the overall heat transfer coefficient 
 glass surface to the atmosphere is calculated using 

ions (10) to (14). Figure 4 shows the variation of 
 and basin temperatures, water-glass temperatures 
ence, and glass-atmospheric temperatures difference, 
ater production rate with time for laboratory still 

a depth of 0.5 cm and under varying input condition. 
variation of all parameters with production rate is 
al and as expected. The variation of difference in 
rature between water and glass is also different here. 

lly, during morning hours when the input power is 
the production rate increases with this temperature 
ence.  
hen water temperature exceeds 50oC, this 
rature difference reaches a maximum value and 

 to decrease there after. The still production rate 
nues to increase until the difference in temperature 
en glass and atmosphere increases. The difference 

The variation of the internal evaporative heat transfer
efficient and overall heat transfer coefficient for glass 
ith local hours are in relation with production rate

gure 5. This variation is similar for different depths of
ater in the basin. 

 still with varying input – set II. 

he variation of the water and glass temperature 
ifference in water-glass and glass-atmospheric 
mperatures, are similar for the still with different lower 
epths ranging from 2 cm to 0. 2 cm. The starting time and 
e duration in which the production rate increase with the

ecrease of the temperature difference between water-
lass. Figure 6 shows the variation of these parameters fo
still with 1 cm depth. For this still the peculiar behavior
arts around 12 Noon and lasts up to around 2 PM. For the
ill with 0.5 cm depth, the peculiar behavior occurs during
0 PM and 1 PM [Figure 4]. 

For a given solar intensity var
peculiar behavior starts early and lasts longer duration

d for higher depth, and starts early and lasts for shorter
uration. For deep basin still, during lower solar intensity
ariations in a day, the still may not experience this
eculiar operation. If a still experience this peculiar 
ehavior for longer duration, the production per day will 
e high. 

5.2. Analysis of Laboratory Still at Constant Input 
Condition 

he variation of the different parameters of the 
boratory still at constant input of 1500 W is shown in the
igure 7. The production rate of the still increases with the 
crease of water and glass temperatures during heat 
pply period.   Also the production rate increases with the
crease in water-glass temperature difference during this

eriod. The production rate decreases with these 
arameters during cooling. This is the normal operation of
e still. 

During heating period, the production rate increases 
ith the decrease in water-glass temperatures difference. It
 the peculiar behavior of the still. During heating, the rate 
f decrease of water-glass temperature difference is 

 
 rate is higher. This peculiar behavior is  
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temp
attain
varia
as sho

glass te
temperature differences, a correlation plot is drawn by 
using the observations of the still under varying operating 
conditions as shown in the Figure 10. Both water and glass 
temperatures and difference between glass and 
atmospheric temperature are increasing with production 
rate. The overall variation of the difference between water  

Figure 9. Variation in temperatures and production rate for 
laboratory still with 1200 W constant input. 
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m  
contact with the glass lower surface. This circulation 
depends on the temperature difference between water and 
glass. If the glass temperature is higher or water 
temperature is lower, this difference will be low and the 
production rate is also low. Hence the production rate is a 
complex function of water and glass temperatures and the  

Figure 7. Variation in temperatures and production rate for 
laboratory still with 1500 W constant input. 

Figure 8. The variation in heat transfer coefficient and production 
rate for laboratory still with 1500 W constant input. 

ob
behavior

Fig
evapo
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variat
varia
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variat
const
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initia
glass

served only during heating. During cooling, normal 
 is observed. 

ure 8 shows the variation production rate, internal 
rative heat transfer, and the external overall heat 
er coefficient of the glass cover with for the still. The 
ions of these parameters are in relation with the 

tion of production rate. 
r the laboratory still with constant input, the 
ions of different parameters are similar for different 
ant input powers. For higher input power, rate of 
erature rise for water and basin is higher, and 
ction starts early. The water-glass temperatures 

lly increase with production rate for lower water and 
 temperatures as shown in Figure 7. When the water 
erature is around 55oC, this difference temperature 
s a maximum value then starts to decrease. Similar 
tions are observed for the still with 1200 W input also 
wn in Figure 9. 

5.3. Modeling of Still 

To study the production rate variation with water and 
mperatures, water-glass and glass-atmosphere 

igure 10. Variation of production rate with different temperatures 
r laboratory still. 

glass temperatures is different. Initially this value
creases with production rate, attains a maximum value 
d starts to decrease. The maximu

rent corresponds to a water temperature around 55oC. 
he production rate is 5 g/min when the temperature 
ifference between water and glass is in the range 5oC to 

oC. Similarly other parameters also have a range of
alues for a particular production rate.  

At lower temperatures of water and glass, the water 
apour present in the air inside still is in minimum 
roportion. The water mass proportion increases 
ponentially with the still air temperature, (equations (7) 
d (8)). Hence, production rate of the still depends on

asin water and glass temperatures. At higher water 
mperature, water is more susceptible for evaporation,
d the water vapour proportion in the still air is high.
hen the glass temperature is high, both heat transfer 

om glass to atmosphere and the production rate are also 
igh. When the water and glass temperatures are higher,
eir difference is less, and the production rate is high. 
his is the reason for the peculiar operation of the still. 

The amount of condensation at the glass lower surface
ainly depends on the mass of air circulated, and in
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5.4. Analysis o tion 

The same laboratory still is tested under actual solar 
radiation condition for different depths of water in the 
basin. Both Figures No. 12 and and No. 13 show the 
performance of the stills when the depths of water are 3 
cm and 1cm. The production rate of the still varies 
proportionally with different water,  glass temperatures,  

Figure 13. Performance of the solar still with lower depth . 
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co values calculated, 
using the new model. The most of the calculated values are 

values with a correlation coefficient of 
0.8646. The deviation in values due to sky radiation effect 
and 
ti

    (15)   

Figure 11. Comparison between actual and calculated values of 
production rate for laboratory still 

Figure 12. Performance of the solar still with medium depth 

di s-
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Th quation (equation 15) is taken as a new 
model. U
using
the ca

fference between the water-glass and glas
pheric temperatures. 
e observation from laboratory still experiments at 

ant depth with varying constant input and with 
ng depth with constant varying input are used to 
lish a regression equation using Mathcad-12 software. 
degree fitting function is used. The following 
ion is obtained for the production rate of the still in 
2/h.  
e above e

sing this model, the production rate is calculated 
 the observations of laboratory still experiments, and 
lculated values are compared with actual values. The 
e 11 shows the comparison between the actual and 
lated production rate values by using the model. It is 
 that most calculated values are closer to actual 
s with a correlation coefficient of 0.974. 

f the Still Under Solar Radiation Condi

igure 14. Comparison between actual and calculated values of 
oduction rate for actual solar still 

and difference between glass and atmospheric 
mperatures.  Similar with laboratory still, for actual still
so, the production rate increases initially with the
crease of the temperature difference between water an
ass, but at higher temperature when the basin water
aches around 55oC, this difference is at maximum. But 
e production rate increases until the difference between 
e glass and atmospheric temperatures starts to decrease. 

Hence the still, and under actual sunshine conditions,
ehaves similarly to laboratory still with varying input. 
sing the observed values of different temperatures, the 
ew model is used to calculate the production rate for the 
tual solar still with different depths of 4 cm, 3 cm and 1 
. The actual values and calculated values are compared

y using the new model. The Figure 14 shows the
mparison between the actual and 

Figur

close to actual 

wind velocity effect even though, during experiment 
me, no appreciable wind is observed.  
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6. Conclusion 

A double slope single basin, passive type, still with 
basin fabricated; and tested under laboratory conditions. 
The h
heate
varied
input
condi
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const
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increa
and g
with 
highe
increa
betwe
glass 
pecul till. The reason for this behavior 
is the h
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A
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are in close agreement with model values. The proposed 
mode  to predict the production rate of the still 
with minimum d pth of water in basin in the range of 2 cm 

sive and 
active solar stills for different depths of water by using the 

concept of solar fraction”. Solar Energy, Vol.  80, No. 8, 
2006, 956–967. 

[4] R. Tripathi, G.N. Tiwari, “Effect of water depth on internal 
heat and mass transfer for active solar distillation”. 
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mbert, “Correlating equations for 
laminar and turbulent free convection from a vertical plate”. 
International Journal of Heat and Mass Transfer. Vol. 18, No. 
11, 1975, 1323-1329. 

 
 
 

eat is supplied to the basin using electrical resistance 
r placed below the inner basin. The heat supply is 
 using control circuit. The still is tested for varying 

 condition to simulate the actual solar radiation 
tion with different minimum depths of water in the 
 ranging from 2 cm to 0.2 cm. The experiment is also 
d out at different constant input conditions with a 
ant depth of 1 cm water. The variation of different 
eters with production rate variation has been studied.  
is found that the production rate increases with the 
ses of water and glass temperature. At lower water 
lass temperatures, the production rate is proportional 
the temperature difference with water and glass. At 
r operating temperatures, the production rate 
ses with the decrease in temperature difference 
en water and glass until the difference between the 
and atmospheric temperature increases.  This is the 
iar behavior of the s

igher proportion of water vapour at higher still 
rature. The still overall production rate per day will 

gh when the still operation in this peculiar behavior 
nger duration. 
 new model is proposed for the still with shallow 
. The experiment is also conducted with the same still 
tual sunshine conditions. The still under solar 

tion condition with lower depth behaves similarly to 
atory still. The experimental production rate values 

l can be used
e

to 2 mm and for the basin water temperature up to 80oC. 
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 المجلة الأردنية للهندسة الميكانيكية والصناعية

  مجلة علمية عالمية محكمة

 ية عالمية محكمة أسستهاالمجلة الأردنية للهندسة ال
وتصدر  م العالي والبحث العلمي،الأردن، وزارة  في اللجنة العليا للبحث العلمي

 

 
مجلة علم: ميكانيكية والصناعية
التعلي

 .الجامعة الهاشمية، الزرقاء، الأردن دراسات العليا،العمادة البحث العلمي و عن
 هيئة التحرير

  :رئيس التحرير

   الأستاذ الدآتور موسى محسن         
  .        قسم الهندسة الميكانيكية، الجامعة الهاشمية، الزرقاء، الأردن 

ا
               

            :لأعضاء

الأستاذ الدآتور عدنان          كشستاذ الدآتور بلال الع           الأ
الجامعة الهاشمي

  الكيلاني
 لأردنيةالجامعة ا                                       ة

  

  الأردنيةم والتكنولوجيا

الأستاذ الدآتور أيمن المعايطة                    الأستاذ الدآتور علي بدران
                                         جامعة مؤتةلأردنيةالجامعة ا           

 الأستاذ الدآتور محمد النمر                    الأستاذ الدآتور نسيم سواقد
جامعة مؤتة                                              جامعة العلو           

 :مساعد رئيس هيئة التحرير

 الغندور  ور أحمدالدآت
الجامعة الهاشمية  

فريق ال :دعم

المحرر اللغوي
  

                       تنفيذ وإخراج                      

          
   :التالي

 س تحرير المجلة الأردنية للهندسة الميكانيكية والصناعية

ا
ا

 
   

W 
 

  أسامة الشريط              .مالدآتور وائل  زريق              
                             

ترسل البحوث إلى العنوان 
 
يرئ

 عمادة البحث العلمي والدراسات العليا
 لجامعة الهاشمية

  الأردن-لزرقاء 
 4147فرعي    00962 5  9033333: هاتف 

hu.edu.joEmail: jjmie@
ebsite: www.jjmie.hu.edu.jo 
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