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As a contribution to the field of strain concentration studies, the coupled influences of Poisson’s ratio and the geometric 
configuration upon the strain concentration factor, defined under triaxial stress state, of notched bars with U-notch, are 
investigated using the finite element method. Circumferentially U-notched cylindrical bars under tension and rectangular bars 
with  
Poiss
For s  
depth  
analy
These
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a single edge U-notch under bending with different notch depths are employed here. The results clearly show that the
on’s ratio has a significant effect on the strain concentration factor, especially for deep and intermediate notch depths. 
hallow notches, the elastic strain concentration factor nearly independent of Poisson’s ratio. However, for any notch
 the effect of Poisson’s ratio becomes prominent with decreasing notch radius. Finally, by fitting the results of FEM
sis, a set of convenient formulas of the elastic strain concentration factor as a function of Poisson’s ratio are introduced. 
 formulas will be useful for any notch depth and radius under the same type of loading employed in the present study. 
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1. Introduction                

Many machines or structural members contain the 
stress raisers in the form of notches, holes, and fillets. In 

rs often the origin of cracks 
nucleating, growing and easily initiating fracture. The 
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circumferential groove in a round bar under tensile load, 
the stress concentration factors in the axial and 
circumferential directions are the functions of Poisson’s 
ratio [14]. However, the effect of Poisson’s ratio on strain 
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 solution obtained by researchers has a direct 
on with notch geometrical configuration, i.e. notch 
s, the notch depth [1, 2]. All these studies results are 
shed and used for engineering design [3]. Almost 
the earliest time most of the previous works were 
 on the stress concentration factor as a tool to predict 
re of machine elements that contains geometrical 
larities [1, 3 – 6]. The stress and conventional strain 
ntration factors being studied for different types of 

ng and geometries. It has been concluded that the 
 concentration factor is more effective in predicting 
re than the stress concentration factor [7-10. It 
d be noted that the conventional strain concentration 
 has been define under uniaxial stress state, while the 
strain concentration factor has been defined under 
l stress state [7,8]. This new definition expresses the 
ve distribution of the axial strain on the net section 
elastic upto general yielding [7-10]. On the other 
 the conventional strain concentration factor failed to 
ss the real irregularities effect as well as the stress 
ntration factor, especially in plastic deformation. 
ver, the effects of specimen geometry on strain 
ntration factor have not been completely validated. 
 et al. investigated the effect of notch root radius and 
 depth on strain concentration factor for 
mferential U-notch and single edge U-notch under 
 tension and pure bending, respectively [8-10]. 
r three-dimensional problems, i.e. triaxial stress 

 the stress and strain concentration factors may 
ith different material properties such as Poisson’s 

 However, few studied have been done on the effect 
aterial properties on strain concentration factor, 
ially the new one, which has been defined under 
l stress state [8-10]. Moreover, few researchers have 

considering the mechanical properties effect on stress 
train concentration factors. Since both factors are 
imensional factors and as it will be shown later, the 
anical property that affects the stress and strain 
ntration factor is the Poisson’s ratio.   
isson’s ratio is defined as the negative of the lateral 
 divided by the longitudinal strain. Practically, all 
ary materials, which undergo a lateral contraction 
 stretched and a lateral expansion when compressed, 
it a positive Poisson ratio from 0 to 0.5 [11]. The 
on ratios for various isotropic homogeneous materials 
pproximately; 0.14-0.16 for SiC, 0.20 for Concrete, 
0.26  for Cast Iron, 0.27-0.3 for steel, 0.42 for Gold, 
for Magnesium,, 0.33 Aluminum Alloy, 0.42 for 
n, 0.45 for lead, and nearly 0.5 for rubbers and soft 
gical tissues [5, 12-15]. Poisson’s ratio ν has to be 
ved in stress and strain concentrations study 
ally under a three-dimensional or triaxial stress state. 

nfluence of Poisson’s ratio on the stress concentration 
r varies with the geometric configuration. This is 
se the stress distributions depend on the change of 
ement volume and the change of the element volume; 
ds on Poisson’s ratio. For a hyperbolic 

ncentration factor has not studied, especially for the
ewly defined strain concentration factor. Moreover, most 
f the published works have studied the effect of Poisson’s 
tio on the conventional strain concentration factor, which

as been defined under uniaxial stress state [15].   
To this end, the objective of this work is principally to

udy the effect of Poisson’s ratio on the strain
ncentration factor, defined under triaxial stress state, of

otched bars under static tension and pure bending. The
fluence of Poisson’s ratio on the strain concentration 
ctors of circumferential U-notch under tension and single 
ge U-notch under pure bending have been systematically
vestigated by use of finite element method (FEM). A set 

f useful formulae has been obtained with satisfied
curacy by fitting the numerical results. 

 Specimen Geometries and material properties 

Cylindrical bar with circumferential U-notch fo

 bending. For static tension, the length of the 
lindrical bar is 50.0 mm and the gross diameter Do is 

.35 mm. Where as, the rectangular bar has length of 160.0 
m, gross thickness Ho of 16.7 mm, and width bo of 1.0 
m. The computations were performed for under constant

ross diameter. While, the notch depth to was changed in
rder to vary the ratio of notch depth to gross diameter

o/Do) and to gross thickness (to/Ho) from 0.05 to 0.80. 
he notch radii employed are 0.5 and 1.0 mm for all cases.
o study the effect of Poisson’s ratio of the elastic strain 
ncentration factor, Poisson’s ratio has been varied from

.05 to 0.45.  Since the analyses is linear elastic, the
odulus of elasticity (Young’s modulus E ) has been
osen to be 200 GPa. This will affect only the 

isplacement and strains but not the stresses. As a result 
e value of the Young’s modulus will not affect the values 

f the elastic strain concentration factor, because it is a
ondimensional factor, which will be shown later in this
ticle.  

 Finite e

The FE method with th
rilateral element was used in the context of triaxial 

ress state isotropic elasticity for all the computations. 
ecause of the symmetry of the bar, one-quarter of the 
ecimen is modeled for static tension, whereas one half of 
e specimen is modeled for pure bending, as shown in
ig.2. The boundary conditions for every model used in 
e calculations are indicated in the same Figure. A

niform tensile load was applied to the end of the 
nnotched part of the bar for static tension. For pure 
ending, a transverse load F of 1 N/mm was applied at 45 
m from the net section, which is enough to obtain the

otch effect.  
 The accuracy of the finite element analysis models was 

ecked by monitoring the strain distribution on the net 
ction. There are a total of 540 elements and 1667 notes  
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Figure 1. Geometrical properties of the employed specimens: (a) static tension; (b) pure bending. 
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(a) 
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Figure 2. FEM model of the employed speci s: (a) static tension; (b) pure bending. 
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in the model for static tension, where as 1560 elements and 
4845 nodes for pure bending. It should be noted that 
calculations for pure bending problem have been done 
under the plane strain condition [9]. 

4. Re n factor and 
Poisson’s ratio 

tion factor Kε
T  employed here has 

1999;
consi
gener
incon
sectio
[8]. T

lation between strain concentratio

4.1. Static tension 

The strain concentra
been recently defined under triaxial stress states (Majima, 

 Tlilan et.al., 2005). This definition gives good 
stent results with the axial strain distribution upto 
al yielding, while the conventional definition showed 
sistency with axial strain distribution on the net 
n, as it had been defined under uniaxial stress state 
he strain concentration factor is defined as follows: 
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(6) 

It is clear from Eq.(6) that Pisson’s ratio is the only 
facto  
in
st  
th
P
co  
st

F
K
lo
n εx)n [9]; 

r which affects the elastic strain concentration factor 
 addition to local stress values at the notch root and the 
ress distribution on the net section. It should be noted
at the conventional strain concentration factor neglect 
oisson’s ratio effect. This is due to the definition of the 
nventional strain concentration factor under uniaxial

ress state [8].  

4.2. Pure bending 

or pure bending, the strain concentration factor 

ε
PBhas been defined as the ratio of the maximum 

ngitudinal strain at the notch root (ε x
t) max to the 

ominal longitudinal strain on the net section (

 (7) 
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This strain concentration factor has been introduced by
efining the nominal longitudinal strain under triaxial state
 elastic deformation as well as plastic deformation. The

ew nominal longitudinal strain considered the effect of 
ansverse stress, which it was neglected in the 
nventional definition. The new nominal longitudinal 

defined as [9]; 
co
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to
n  
n mation; h t + 
hc ≈ ho, the new nominal longitudinal strain is  

Where; h t  is the current height from the neutral surface 
 the notch root and hc is the current height from the 

eutral surface to the unnotched surface opposite to the
otch root, as shown in Fig. 3. In elastic defor
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Under plane strain condition and using Hooke’s law;
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longitudinal strain can be rewritten as 
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Substitution of Eq.(10) and Eq.(13) into Eq. (7) leads to 

(14) 

Rearranging the previous equation gives the elastic 
strain concentration factor for pure bending 

 (15) 

It has shown that  

Th
Poiss
This  shown by the conventional 
definition, which is essentially attributed to the definition 

of the strain concentration factor under uniaxial stress state 
(Tlilan et. al., 2006). 

5. Results and discussion 
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is indicates that Eq. (15) clearly showed the effect of 
on’s ratio on the elastic strain concentration factor. 
effect can not be

h

The effect of var ε
the employed notched bars is shown in Figs. 4, 

spectively. In each of these figures, the elastic K ε
T are 

resented for nine different values of Poisson’s ratio, i.e. ν
 0.05, 0.1, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40 and 0.45. The 
ariations of K ε

T with the ratio of notch depth to gross 
iameter (td o /Do) are shown in Fig. 4. It is shown that the 
ariation of the strain concentration factor depends on 
oisson’s ratio for all notched bars employed. This is 
rominent in the range 0.20 < to /Do ≤0.80, as shown in
ig. 4. Actually, the elastic Kε

T increases with increasing
oisson’s ratio for notches with 0.20 < t o /Do ≤0.80 and
e intermediate notch depth has the maximum elastic Kt ε

T 

r all Poisson’s ratio values and notch radii employ
 the former set of figures, Poisson’s ratio influences

e elastic K ε
T curve only on its magnitude. As a result,

e variation in the elastic K ε
T with Poisson’s ratio is not

ear, especially for deep and shallow notches. In order to
arify the effect of the Poission’s ratio, the elastic K ε

T is
lotted in figures 5 - 15 as a function of Poisson’s ratio ν 
r each of the notch depths and radii values used in the 
vestigation. For the same notch depth, there appears to

e a trend towards increasing K
i

ε
T with an increase in ν or

.20 < t o /Do ≤0.80. Further, the trend appears to be
reater for the all notch depths at ρ = 0.5 mm than for
ose at ρ = 1.0 mm. However, the elastic Kε

T becomes 
early constant or slightly decreases with increasing ν for

hallow notches (0.05 < t o /Do ≤ 0.15).  
Generally, it is believed that if notch depth is constant

e effect of Poisson’s ratio is not very large. In the above 
entioned results, it is found that for deep and 
termediate notch depths under tension the effect of
oisson’s ratio can not be negligible. However, for shallow 
otches under tension, the effect of ν is not very large. 
herefore, the effect of a negative Poisson’s ratio can 
fectively enhance the deformation capability in the 

eformation of materials, which is vital to the fracture
ech

t

anics of a lot of machine elements, especially when it
ntains irregularities. 
In the finite element results mentioned above and by 

rve fitting; a convenient 7th order polynomial formula

polynomials that are obt
of  ν: 

.2. Pure bending 

The elastic strain concentration factor under bending

ε
PB) variations with notch depth (to /Ho ) for different

oisson’s ratios are shown in Fig. 16. It is obvious that the 
eneral trend of the variation of Kε

PB with to /Ho is 
dependent of Poisson’s ratio. Actually, the elastic Kε

PB

creases with increasing to /Ho and reaches maximum 
alue at to /Ho = 0.2 for Poisson’s ratio of 0.45. On the 
ther hand, the maximum elastic Kε

PB occurs at to /Ho =
.25 for Poisson’s ratio values less than 0.45. The
oisson’s ratio effect is prominent in the range where 0.05
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< to /Ho ≤ 0.5. This means that the elastic Kε
PB is nearly 

independent of Poisson’s ratio for deep notches, i.e.  to /Ho 
> 0.5. The smaller the notch radius is, the larger the effect 
of Poisson’s ratio on strain concentration factor is.  
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elastic strain concentration factor slightly increases 
with increasing Poisson’s ratio values for to /Ho = 0.05, 
0.1, and 0.15. 
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gures 17 - 26 show the relationship between the 
c Kε

PB and Poisson’s ratio (ν). As it can be s  

ra

7 - 26 show the dependence of the elastic Kε
PB on 

on’s ratio values. For notches with 0.2 < to /Ho ≤ 0.8, 
lastic Kε

PB gradually increases with increasing ν and 
es maximum values at ν ≈ 0.3. After that, the elastic 
shows a slight decrease with increasing ν. On the 

 hand, the elastic Kε
PB increases with increase in ν for 

allow notches, i.e.      to /Ho = 0.05, 0.1, and 0.15. 
trend is independent of notch radius. However, for the 
 notch depth and Poisson’s ratio, as it can be seen in 
s 17 – 26;  the elastic Kε

PB increases with decreasing 
 radius.  

gives an empirical expression for the 
Kε

PB as a function of ν, which is obtained by fitting 
EM results for all notch depths and radii employed. 
fore, the empirical expression can be used 
niently in elastic Kε

PB prediction of single edged U- 
ed bars with various notch geometries and different 
d of ν. 

6. Conclusions 

ing three-dimensional FEM analysis, the effect of 
n’s ratio on the elastic strain concentration factor, 

ed under triaxial stress state, of a notched bars for 
ent specimen sizes and different loading types have 

evaluated. Taking the advantage of a recent 
lation of the strain concentration factor under triaxial 
 state, which is suitable for expressing the actual 
 and stress distributions in the vicinity of notches in 
ine elements. On the other hand, the conventional 
concentration factor has been defined under uniaxial 
 state, which neglects or can not predict the actual 
 of the Poisson’s ratio on the strain concentration.  
hown results in this work lead to the conclusion that 
on’s ratio has a significant effect on the elastic strain 
ntration factor for the geometries and, treated loading 
. According to the present study the following 
usions are drawn: 

1. It is established in this work that for axially loaded 
members and for the selected geometry treated, the 
values of the elastic strain concentration factor 
appreciably increases with increasing Poisson’s ratio 
for notches with 0.20 < to /Do ≤0.80. However, the 
elastic strain concentration factor is nearly constant or 
slightly decreasing with the increase in the Poisson’s 

tio for shallow notches, i.e. 0.05 < to /Do ≤ 0.15.  
2. For pure bending, the elastic strain concentration fa

increases and attains a maximum value, then it 
decreases as the values of Poisson’s ratio increase for 
notches with 0.2 < to /Ho ≤ 0.8. On the other hand, the 

the effect of Poisson’s ratio on the elastic strain 
concentration fa
deep and intermediate notch depths than that for 
shallow notches.  
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Figure 3. Initial and current contours for pure bending. 
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(b) 

Figure 4. Effect of Poisson’s ratio on the variation of el ic K
T with notch depth: (a) o = 0.5 mm; (b) o = 1.0 

mm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Variation of the elastic K
T  Poisson’s ratio for to/Do = 0.80 
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Figure 7. Variation of the elastic K
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Figure 8. Variation of the elastic K
T with Poisson’s ratio for to/Do = 0.50 

Figure 9. Variation of the elastic K
T with Poisson’s ratio for to/Do = 0.40 
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Figure 10. Variation of the elastic K
T with Poisson’s ratio for to/Do = 0.35 

Figure 11. Variation of the elastic K
T with Poisson’s ratio for to/Do = 0.30 
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Figure 12. Variation of the elastic K
T with Poisson’s ratio for to/Do = 0.20 

Figure 13. Variation of the elastic K
T with Poisson’s ratio for to/Do = 0.15 
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Figure 14. Variation of the elastic K
T with Poisson’s ratio for to/Do = 0.10 

 

Figure 15. Variation of the elastic K
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Figure 17. Variation of the elastic K
PB with Poisson’s ratio for to/Ho = 0.80 

 

Figure 18. Variation of the elastic K
PB with Poisson’s ratio for to/Ho = 0.70 
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Figure 19. Variation of the elastic K
PB with Poisson’s ratio for to/Ho = 0.60 

 

Figure 20. Variation of the elastic K  with Poisson’s ratio for to/Ho = 0.50 
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Figure 21. Variation of the elastic K

Figure 22. Variation of the elastic K
PB with Poisson’s ratio for to/Ho = 0.30 
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Figure 23. Variation of the elastic K
P with Poisson’s ratio for to/Ho = 0.20 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Variation of the elastic K
P with Poisson’s ratio for to/Ho = 0.15 
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Figure 25. Variation of the elastic K
P with Poisson’s ratio for to/Ho = 0.10 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Variation of the elastic K
P with Poisson’s ratio for to/Ho = 0.05 
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Figure 26. Variation of the elastic K
P with Poisson’s ratio for to/Ho = 0.05 
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Table. 1. Polynomials resulting from curve fitting of the FEM results for static tension and o = 0.50 mm. 

 

Table. 2. Polynomials resulting from curve fitting of the FEM results for static tension and o = 1.0 mm. 

  [mm] 
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t

D
 

TK o [mm]  Equation  

0.80 

0.70 34.30290.88128.6948.797

0.60 3.1041.41912.824044.743211.89620.81933.28603.86 

0.50 3.4230.390519.302 769.72072.12914.41624.4 

0.40 3.60971.93076.556 284.26731.44989.55578.6 

3.6911.63551.798316.0364.5603137.   54 

3.70243.055830.422278.71134736 .2 3047.8 

3.74380.81185.8816 .749171.74376.77419.36177.33 

0.20 3.64192.652929.416 4.71209.53208.34435.32489.1 

0.15 2.262029.017 0.071301.73613.55207.33034.8 

0.10 3.23720.542043.102914.46449.61581.02951.1190.25339 
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Table. 3. Polynomials resulting from curve fitting of the FEM results for pu o 50 mm. 

m] 

re bending and   = 0.

o

t

H
  Equation 

PBK     [m

0.80 2.18080.47311.87328.328619.4227.7943

0.70 2.60430.41110.02890.67168.45782.4607

0.60 2.95850.97214.884224.89863.28137.948 

0.50 3.26072.849927.2900149.6374.15318.87 

0.40 3.61450.71441.3666 9.536527.344054.0540 

0.30 3.86220.52335.031928.97280.831101.85 

0.20 3.95530.58414.363821.64460.39367.795 

0.15 3.89360.65632.49269.085625.74526.355 

0.10 3.68340.79700.80837.281712.24410.568 

0.50 

0.05 3.18140.48980.819516.460913.18212.716 

 

 

Table. 4. Polynomials resulting from curve fitting of the FEM results for pure bending and o = 1.0 mm. 

  

o
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H
  Equation 

PBK   [mm] 

0.80 1.68910.019561.39725.10144.03762.0317

0.70 1.9590.028722.665114.38828.24519.385

0.60 2.17941.07179.799153.782135.78117.03 

0.50 2.40961.255911.10460.313150.83127.49 

0.40 2.61571.4347 12.54568.542170.4143.49 

0.30 2.80071.21228.877648.666118.1394.871 

0.20 2.90630.63691.23498.099316.9978.4134 

0.15 2.88720.42171.14113.921711.87113.335 

0.10 2.76870.42550.19141.40821.78422.0502 

1.0 

0.05 2.45100.25420.176010.83971.53342.6662 
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sses consist of two-step methodology. The first step 
decompose the 3D CAD model of the object into 

-sectional layers, and the second step is to use 
ial additive processes to physically build up these 

s and form the object (CAM) [5]. 

 are many different technologies of object modeling 
apid prototyping. Each of them has its advantages 
the other technologies and has its lim
s the door still opened for more research in this field. 

paper is mainly talking about the main technologies 
oped for object modeling. The characteristics and 

 are described in section 2. 
on 3 contains two examples of the applications of two 
t technologies. And since the object modeling is the 
step of object manufacturing, this paper is talking 
y, in section 4, about the rapid prototyping 
ologies the second and final step in the 
facturing of an object. Section 5 describes the 
tages and limitations of the modeling and RP 
ologies, the discussion of these advantages and 
tions and the need for new technology and future 

tions of research is in section 6. Finally, the 
usion is stated in section 7. 

r Aided Design Models for

the computer Aided Design models for 
ogeneous objects have passed through:   

y Representation of Polyhedral 
ogeneous Solids 

er of Feito and Torresp
l for the boundary representation (B-Rep) of 
edral heterogeneous solids based on a theoretical 
l of graphic objects. The theoretical model is the 
ic object algebra, with which they managed solid 
ling by enumeration, sweeping and CSG.  

ts and solid models for heterogeneous objects, which 
represented by CSG and B-rep. They described the 
ogeneous general polyhedron, manifold and non-
fold, with and without holes, using the algebra. 
larized operations in the algebra are the 
alization of Boolean regularized operations in solid 

eatment of the most important solid modeling methods. 
his paper had presented a formulation of solid modeling
ased on the concept of graphic algebra. Feito and Torres 
ad defined regularized operations and they proved which
roperties give the algebra of graphic objects a structure of
ector space and Boolean algebra. This helped them so
uch to obtain a simple implementation. In this paper, the
istence of simple objects as a generator system had been

roved, which allowed them to obtain any polyhedral
bject starting from surplices [6]. 

his method presented in this paper is limited to
olyhedral heterogeneous solids, which means it cannot be 
eneralized for all heterogeneous o

.2 Integrating the Material Information Along with 
e Geometry Topology in the Solid Model 

ta (1997) proposed a new approach for 
odeling and representation of heterogeneous objects
is paper they presented an approach to
present heterogeneous objects by integrating the material 
formation along with the geometry topology in the solid
odel. They defined new modeling operations for creating 
d manipulating heterogeneous models and to
mplement traditional modeling operations. More over,
ey addressed the issue of computer representation of 
ese new models [7]. 

y modeling and representing heterogeneous objects, they 
ferred to the creation
ll information about the geometry, topology and
aterial. Which means this paper had taken into
nsideration both the geometry and material information?   

he word ‘geometry’ had been used to refer to both the 
eometry and the topology of the object. But in this paper 
umar and Dutta focused on modeling heterogeneous
bjects by including the variation in composition along
ith the geometry in the solid model. Modeling and 
presenting the microstructure of the heterogeneous 

bjects is a complicated problem and is beyond the scope 
f this paper. 

odel. Firstly, a valid mathematical model has to be
eated which precisely and fully describes the shape of 
e object. Then, the generated mathematical model has to

e stored in the computer unambiguously with minimal
ss of information. 

 this paper, they de
eterogeneous objects. A new mathematical model for
eterogeneous objects was proposed, and a computer 
presentation for the proposed model was developed.  

umar and Dutta had used r-sets as the basis
presenting the geometry of the heterogeneous objects, 
d found that Rn endowed with a vector space structure, 

 a suitable mathematical space for defining the material
mposition, with each dimension representing one 

articular primary material. The appropriate mathematical 
ace to model heterogeneous objects is the product space
 =E3 * Rn. Specifically, the material points are restricted
 lie in a subset of Rn called the material space V. The rm-
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object is defined as the mathematical model for 
representing heterogeneous objects and is termed the 
heterogeneous solid model. The geometry of the object is 
captured by r-sets and the material variation is specified in 
each 
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T nts an 
approach to modeling a part’s geometry, topology, and 
co  
so
as  
b  
co
p
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T sees that systems used for 3D object 
representation 
cl
M
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In fabrication  only the data structure 
re
fa
m
v  
modeling method must decompose the interior of the 
o
in
d
so  
h  

a 

r-set by material functions.  

he application mentioned in this paper, the 
geneous objects have material variation in only one 
ion, which is across the thickness or the interface 
n, and the commonly used distr
ese objects, is the power law. 

 be clearly seen in this work that new model (rm –
t) for representing heterogeneous objects was 
sed. But the rm –set is not general enough to model 

eneous objects, and hence, a heterogeneous solid 
l, termed as rm –object, was defined as a set of rm –
(Pi, Bi)} which are geometrically interior disjoint 
re minimal. The rm–sets capture different regions of 
bjects whose material can be discrete (constant) or 
ng continuously.  

work came at a time when all current solid modeling 
iques model physical objects by representing their 
etry and topology. Th
e heterogeneous objects because they do not 
citly represent the object interior. On the other hand, 
clude material information of an object this paper 
sed solid modeling schemes for heterogeneous 
ts by expanding beyond geometry/topology 
entation (based on r-sets). 

ar and Dutta had presented another paper in 1997 in 
 they proposed a solid m

 graded objects by extending beyond geometry 
pology representation based on the r-sets, to material 

tion in the object. The computer representation of this 
l was built on the existing B-Rep scheme, which 
 it easy to be adapted in the solid modeling systems.  

ar and Dutta had a third paper in 1997 that has an 
ach to modeling multi-material objects. In this paper 
mathematical model is proposed which extends the 
y of r-sets and regularized Booleans to include the 
ial information besides the topology and the 
etry. This enables the r-set classes to model objects 
 of a finite number of materials. To facilitate the 
on and the manipulations of such models, the 
ial based Boolean operations were defined. 

 be clearly seen that the rm-classes and the m
operations encompas es the earlier theory 

e r-sets and regularized boolean proposed in the 
ous papers. The main advantages of this modeling 
e are that it can be built on top of existing solid 

lers. 

ct Design and Fabrication 

is a paper for SUN Wei (2000),
e CAD modeling system is presented based on non-

fold topological elements. Material identifications are 
ed as design attributes introduced along with 
etric and topological information at the design stage. 
rding to the associated material identifications in the 
oped multi-volume modeling system for 
ogeneous object extended Euler operation and 

 applicable to model homogeneous 
ructure because the features are defined and interpreted
y assuming th

t

efined fabrication processing. Further more, techniques 
sed in most rapid prototyping systems are based on the 
ncept of material addition. The database in STL file
nverted from solid CAD model only contains geometric
formation. Therefore, feature-based design modeling is 

ot suitable for heterogeneous structure fabrication. And
, research on multi-material and multi-attribute CAD 
odeling has become a recent focus. 

his paper presents the salient features of the multi-
olume CAD modeling useful to construct heterogeneous 

aterial information is defined as design attributes and
troduced along with geometric and topological
formation at the design stage. Extended Euler operations 
e used with reasoning Boolean merging and extraction 

peration to manipulate the design information.  

o, future work should focus on developing this approach
 include the formation and construction of a hierarchical
ructure to link feature-based design with non
eometric modeling. Application of the model to solid
ee-form fabrication and developing advanced control
gorithm tailored for the heterogeneous-material 
odeling information will also need to be pursued. 

.4 Modeling and Designing Functionally Grade

omposition Control 

his is a paper for Jackson et. al. (1999), it prese

mposition. Their approach is based on subdividing the
lid model into sub-regions, such that each region has its 
sociated analytic composition blending functions. The

lending functions had been used to define the
mposition throughout the model as mixtures of the 

rimary materials available to the Solid Free Form (SFF) 
achine.  

his paper 
are based on one of the three different 

asses of solid modeling methods: Decomposition 
odels; Constructive Solid Geometry (CSG); or Boundary 
epresentation (B-rep). Each has its merits, but their 
rrent implementations in the CAD/CAM industry do not 
sily permit manufacturing parts with Local Composition
ontrol (LCC). 

with LCC not
presenting all of the relevant information for its 
brication must be established, but also solid modeling 
ethod must go one step further and represent smoothly 

arying compositions. To be able to do this, an FGM solid

bject into simpler sub-regions, each of which references 
formation about the composition variation over its 

omain. This goal had been accomplished by using FGM 
lid modeling method based on a representation known as
e cell-tuple data structure, which had been developed in
prototype form. 
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In traditional cell-tuple structure, a model M is 
decomposed into a set of cells C with each cell ck 
representing a topological feature in the model, such as a 
vertex, edge, face or region. To represent an FGM model 
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n the cell-tuple structure, composition information as 
s geometric information is associated with each cell.  
s paper approach, they had simplified the problem by 
ning with models subdivided into tetrahedral meshes, 
itting the use of standard meshing algorithms to 
rt traditional solid models to their cell-tuple 

sentation. However, Jackson et. al. see that their 
od of subdividing the models is not the optimum, and 
ods for efficiently subdivide models into optimal sub-
ns remains an open issue. 

paper opens the door for future work in many 
ble directions in the area of FGM modeling. These 
e implementing a larger libra

design and visualization methods, and establishing 
ent and logical methods for subdividing traditional B-
odels into sub-regions of graded composition. 

 Computational Approach to Multi-Material Solid 
Form Design Using Simulated Annealing 

mputational model using the space-filling technique 
eveloped by Khandelwal and Kesavadas to arrive an 
um way of designing such prototypes. Simu
aling was successfully implemented for this problem, 
 has ill-behaved objective function and non-convex 

n space characteristics. Although the computational 
odology for building such multi-material SFF parts 
een demonstrated successfully in this paper, but the 
are implementation requires more research. 

ltiple Material Objects: from CAD 

nformation about the materials of the objects that the 
 system is used for the design work cannot be 
ed in the contemporary CAD systems. That the 
ction engineer usually supplies this information at 
computer aided manufacturing stage. But this 
gement is inadequate in the rapid prototyping 
iques even it allows multiple material objects to be 
ced. 

e for representing multiple material objects in the 
system. That is multiple material objects could be 
ated in RP machine by building the material tree of 
bject in the CAD system’s data structure, then the 

ation is extracted from material tree, and a modified 
n of the STL file format is outputting to the RP 

ines. 

ling multiple material objects. Their approach 
porates the representing of the material information 
he representing of the geometry and topology of the 
t. The object is decomposed into multiple cells such 
each cell containing one type of material.  

er hand, Chiu and Tan (2000) had proposed an 
ative representation scheme for manipulating 
ple material objects. They used material tree structure 
resent multiple material objects, and so there is no 
to subdivide into multiple cells for storing material 

he modified STL file is a tree structure. By grouping the
cets belonging to the same material boundary together, 
 integer representing the material index of that material

oundary is a
rangement of the groups of facets in the file is according
 the material tree of the object. The number of the facets
ntained in the modified STL is sharply increased
mparing to that of the original file, because as the 
aterial boundary surfaces are added into the geometrical
odel, more facets are formed. 

.7 ‘Source-Based’ Heterogeneous Solid Modeling 

urce’ is proposed in the paper of Siu and Tan (2002

 the ‘source-based’ modeling scheme, the object is 
ting as a container that is used to keep the material 
mposition information. The content of this containe
fected only by the ‘water-tap’, which is termed as the 

rading source. Which means that the geometry of the 
bject itself is not affected by modeling of the material
rading? Hence, the modifications of the material grading 
ch as shifting, deletion and re-assignment can be done 
ithout the rearrangement of the object geometry. 

he field of grading is formed when a grading source is
signed to a reference and the Euclidean space E3

ccupied by the grading source. Material grading occurs in
e intersection between the object and the grading
urces, and according to the material distribution function

d) three grading regions and new defining operators can 
e defined.  

iu and Tan (2002) believed that based on their modeling
heme; ther
mplicated systems for modeling operations between the
ntainers (heterogeneous objects). To give a larger 
odeling flexibility to the system, they should take into
nsiderations a larger variety of ‘grading sources’ and the 
mpromised solutions between the different grading
urces after Boolean operations on the containers. Further 
ore, a modified sliced format which supports material 

istribution function needs to be addressed thoroughly. 

iu and Tan came back again in 2002 to present new pa
iscussing the scheme for modeling the material grading
d structures of heterogeneous objects. In this work they
cused on discussing an enhanced heterogeneous solid
odeling scheme that has the capability to incorporate 
ructure information such as the dimensions and 
rientation of fiber reinforcements within the 
eterogeneous object. On fabrication, a contour 
bdivision algorithm is used to discretize the material 

ariation in each slice of the heterogeneous object.  

paper, a modeling scheme
r heterogeneous objects with structure variation in the

imensions and orientation had been described, but in this 
udy, only 1D orientation variation had been considered.  
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2.8 Physics-Based Design of Heterogeneous Objects 

Qian and Dutta (2003) had presented a new approach for 
the design of the heterogeneous objects. The modeling in 
this approa  
varia  
proce
used 
make
prope
durin
 

3. Ap
for H

The following are two examples to show some of the 
appli

 

3.1 D

The firs example had been presented by Qian and Dutta 
(2003). Th r turbine 
blade n of a 
turbin

The 
three
using diffusion equat position 
varia
const
exam
appro

3.2 H
Optimization 
 
This 00. They 
demonstrate ho  Kumar and Dutta’s modeling 
techn
consi
other
conti
They
basis
meth
be ex
other
 
In th they found that Dutta’s 
mode
heter
 

The modeling of the flywheel had been based of the 
follow
Dutta
finite
mode
more
(HC)

Dutta’s m
in h
Comp
based
variat

based model is more suitable for rapid prototyping 
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K ses on the adaptive slicing of 
h
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The aim of the adaptive slicing is two folds, the 
D
D
le  
th  
u
en  
n  
in  
so

ch is physics based. By specifying the material
tion constrains the designer can guide the design
ss in this method. Only few parameters has to be 
by the designer, which have the physical meaning, to 
 control for material composition. The material 
rty variation is directly conceivable to the designer 
g the control process. 

plications of the Computer Aided Design Models 
eterogeneous Objects 

cations of the heterogeneous objects modeling: 

esign of Heterogeneous Turbine Blade 

t 
is paper presents a new approach fo

 design, which ties B-spline representatio
e blade to a physics (diffusion) process.  

mathematical formulation of the approach includes 
 steps: using B-spline to represent the turbine blade, 

ion to generate material com
tion, using finite element method to solve the 
rained diffusion equation. The implementation and 
ple presented to validate the effectiveness of this 
ach for heterogeneous turbine blade design. 

 
eterogeneous Flywheel Modeling and 

is a paper for Huang and Fadel in 20
w to apply

iques to two different kinds of flywheels, the first one 
sting of finite number of distinct materials and the 
 consisting of two or more primary materials with 
nuous volume fraction variation (gradient materials). 
 also developed the corresponding cell-based and 
-function-based multi-objective optimization 
ods. These multi-objective optimization methods can 
tended to the multi-objective optimization design of 
 heterogeneous objects. 

conclusion of this paper, e 
ling methods could be applied successfully in 
ogeneous flywheel modeling. 

ing modeling techniques proposed by Kumar and 
; modeling of heterogeneous objects consisting of a 
 number of distinct uniform materials (HD), and 
ling of heterogeneous objects consisting of two or 
 primary materials with continuous material variation 
. 

odeling methods had been applied successfully 
eterogeneous flywheel modeling applications. 
ared with cell-based approach, the basis-function 
 approach gives more smooth material and stress 
ions and saves computational time. However the cell-

 Rapid Prototyping Techniques 

1 Direct Photo Shaping Solid Free Form Fabrication 

entura et. al. had presented a n

PS). In this technique, the visible digital light projectio

rable ceramic dispersions (ceramic powders in photo-
olymerizable liquid monomers) by flood exposure. 

irect photo shaping is a multiplayer fabrication process
eveloped by SRI International. This process is based on
yer-by-layer photo-curing of polymerizable compo
rable by visible light. 

entura et. al. had proposed many advantages for DPS,
om these advantages: 
• Since each layer is

will get fast build up time, and so we can cure the 
entire profile at onc

• Minimum number of steps that is no post-processing 
after the fabrication of each layer is needed. 

• Low cost. 
• High resolution. 

 
4.2 Solid Free Form Fab
Laser Decomposition 

his is a paper developed by Jakubenas et. al. in 19
s about the Seleclk

ALD) as a gas phase solid free form fabrication
proach to the shaping of materials without part specific 
oling. SALD uses a laser beam to create a localized 

eated zone on a substrate-surrounded by a reactant gas.  

s indicated in this paper, SALD using multiple gas 
recursors presents the potential for controlling bo
mposition and microstructure in a defined shape for a 
ide range of materials. However, the work presented by 
kubenas et. al. does not exhaust the potential of SALD 
r multiple materials deposition. So, there still are many
portant issues to be examined to emphasize additional
pabilities of the process. 

 

ayered Manufacturing 

umar et. al. (1999) focu
eterogeneous objects for fabrication using LM. It is 
sumed that an appropriate build direction (set to be z-

irection) has been chosen.  

imensional Control and the Positional Control. 
imensional control achieves user specified quality in the 
ast build time. The user specifies the surface quality as
e maximum allowably cusp height for the LM model. By

sing one of the following strategies the positional control 
sures the validity of the LM model with respect to the

ominal shape. The first strategy is the ‘excess deposition’,
 which the LM model completely encloses the nominal
lid model (i.e., cusps lie outside requiring the excess 
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material to be removed). In the Alternative strategy 
‘deficient decomposition’, the LM lies completely within 
the nominal solid model (i.e., cusps lie inside requiring a 
filler material).  

In thi
slicin
and p
contr  by taking into considerations both 
the g
mean
the b
mean

Kum
objec
choic
parameters
for th
that s

In thi
resolu
tool-p  tool path generation 
for h
resolu

 
4.4 A
Free 

This 
conce
prefabri
an id
the p
using
Anne

This 
desig ulti-material prototypes using Rapid 
Proto
pre-fa
produ
result
mach

 Although the name Rapid Prot
process is fast, 
ineffi
techn
until 
not a
that o

The second limitation of the RP technique is that only a 
limite
techn
 
4.5 Solid 
Stere
 
Perhaps the most popular among currently available RP 
techn
stereo
photo
ultrav
The 
Bhav

using stereolithography process can help reduce cost and 
cycle time for cast metal parts. 

To fabricate a part the stereolithography process uses a 
la
d  
an

4
 
P  in 1998 a comprehensive 
comparison between the rapid prototyping technologies 
k n 
the strengths and weaknesses of these technologies.  
 
P
in  
m aterial. 
K  
te  
m  
in
cl
ca
st
li
b  
el
T  
p  
h  
so
(B
 
W
tr les by laser 
(S  
S  
sh  
ad
 
P es 
of the different RP systems in two tables, one for 
co  
st
th  
sm  
th  
d  
m  
d
m
m
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5. Selection of the CAD Modeling and the RP 
T
 

th  
2  

s paper, they had described a procedure for adaptive 
g of heterogeneous models to achieve dimensional 
ositional control of the LM part. The dimensional 

ol was achieved
eometry and the material information. The geometry 
s the curvature of the user specified surfaces along 
uild direction, whereas the material information 

s the material variation along the build direction. 

ar et. al. see that layer generation for a heterogeneous 
t is a complicated problem and there are several 
es exist which are dedicated by the positional control  

. They had discussed the appropriate strategies 
ese choices in their paper, and presented an algorithm 
ummarizes the procedure.  

s paper, Kumar et. al. did not consider the material 
tion and the material variation for generating the 
aths. A generic procedure for

eterogeneous layers must consider both the material 
tion and the geometry resolution of the process. 

 Computational Approach to Multi-Material Solid 
Form Fabrication Using Simulated Annealing 

paper is by Khandelwal and Kesavadas, it a novel 
pt for rapidly building SFF parts by inserting 

cated inserts into the fabricated part. To determine 
eal placement of inserts/cores in the CAD model of 
art being prototyped, an algorithm was developed 
 the heuristic optimization technique called Simulated 
aling. 

approach has many advantages, that it will allow 
ners to build m
typing (RP) technique. More over, by using cheaper 
bricates instead of costly photopolymers, the 
ction cost of the SFFs can be reduced, and it will 
 in reduction in the build up time, and so efficient 
ine utilization. 

otyping suggests that the 
the fact is that it is still a very slow and 

cient process, as the authors say. RP is an adaptive 
ique where layer upon layer is built progressively 
the entire part is completed. Build-up time is often 
 function of the geometric complexity of the part, but 
f the volume and height of the part. 

d choice of materials is available. Most of the RP 
iques use photosensitive polymer resins. 

Free Form Fabrication Using 
olithography 

ologies is stereolithography. The basis of the 
lithography is the formation of polymer from a 
sensitive monomer resin when it is subjected to 
iolet light.  
purpose of the paper presented by Lange and 
nani (1994) is to present information on how the SSF 

yer-by-layer solidification of the resin. The cure depth 
epends on three factors, the laser power, beam diameter
d the type of the resin used. 

 
.6 A Comparison of Rapid Prototyping Technologies 

ham and Gault had presented

nown up to that day. Their paper included comments o

ham and Gault (1998) had divided the RP technologies 
to two main categories, that involves the addition of the
aterial and those involves the removal of the m
ruth (1991) had divided the material accretion
chnologies according to the state of the prototype
aterial before part information. Pham and Gault to
clude new technologies had adapted Kruth’s 
assification. In this classification, the material addition 
n be divided into three main categories, according to the 
ate of the prototype material before part information, 
quid, discrete particles and solid sheets. The liquid may 
e solidification of a liquid polymer, solidification of an
ectro-set fluid (ES) or solidification of molten material. 
he solidification of a liquid polymer may be point by
oint (SL, LTP, and BIS), layer-by-layer (SGC) or
olographic surface (HIS). On the other hand, the
lidification of molten material can be point by point 
PM, FDM, 3DW), or layer by layer (SDM). 

hen the state of material is discrete particles, it can be 
ated by one of two methods, fusing of partice
LS, GPD), or joining of particles with a binder (3DP,

F, TSF). And finally when the state of material is solid
eets it can be treated by bounding of sheets with
hesive (LOM), or bounding of sheets with light (SFP). 

ham and Gault (1998) had summarized the main featur

mmercial technologies and the other for the technologies
ill being researched. They found that the most accurate is 
e dual-jet BPM1 machine, but the maximum part size is
all. The cheapest systems are the LOM3 machine and

e entry-level DM system. However, LOM3 system has a
rawback that parts produced are ‘tacky’ and so need
anual assemblage. Also the low-cost DM machine has

isadvantages, that its work envelope is small and it cannot 
anufacture shapes as complex as those created using the 
aterial accretion technologies. 

 a quick guide for selecting RP processes. The selection
 based on many factors, the end use of the part, the part
ze, the accessibility of the features, whether the part is
ollow or not, the accuracy of the part and its strength. 

 
echnologies 

Table 1 shows the main advantages and limitations of 
e most recent CAD modeling techniques, whereas Table

 shows most recent RP technologies, that Pham and Gault
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(1998) had compared the RP technologies up to 1998, and 
summarized their detailed results in tables [3]. 

 

 
Table 1. Comparison of the advantages and the limitations of the most recent CAD modeling technologies 
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Table 2. Comparison of the advantages and the limitations of the most recent RP technologies 
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research is still needed in this field. The perfect technology 
should include all or most of the listed advantages and no 
or very little limitations. 
 
The 
make
the 
application itself model to be used. 
For e
Qian 
effici
but m
of no
mode
heter
repres
Integ
geom
when
the tu
than o
heter
desig
 
Anot
here K ere applied 
successfully, but other modeling techniques may not be 
appli
the p
Dutta
neede
comp
desig
appli
of th
flywh
So, t
the c
mode
engin
for. 
 
The main properties that the new technology should 
includ clude the material information besides the 
geom
CAD
produ
2D 
consi
look 
or mo
 
On the oth abrication 
using
still n
avoid
 
 
  
7. Co
 

Modeling and r
an im
heter
proto
3D o
devel

many prototyping technologies have been developed, an 
effective design method and effective rapid prototyping 
technology that take into consideration both the design 
geometry and the material composition simultaneously is 
st
 
F
ap  
li
new properties that make them convenient for all 
ap
ap
m
is
re
b
h

8
 

[1] T . Jackson, H. Liu, N. M. Partikalakis, E. M. 
 J. Cima, “Modeling and designing 

ally graded material components for 
 

y 

al Journal 
 

 
aphy”. SAMPE 

 “Adaptive 
slicing of heterogeneous solid models for layered 

 

 

 “An Approach to 

  D. Dutta, “Solid model creation for 
 

[9] Kumar, V. and Dutta, D., 1997, “An approach to 
 
 

advantages and limitations of a modeling method 
 it suitable for certain applications and unsuitable for 
others. And so, the nature of the engineering 

 determines which CAD 
xample, to design the heterogeneous turbine blade, 
and Dutta (2001) physics-based approach is so 

ent in the design of the heterogeneous turbine blade, 
ay be this approach is not applicable for other objects 
n-physical function. On the other hand, other good 
ling approaches may not be applicable for the 
ogeneous turbine blade. Or the boundary 
entation, the turbine blade is not polyhedral. 

rating the material information along with the 
etry topology in the solid model approach works only 
 the material variation is only in one direction, but in 
rbine blade, the material variation may be in more 
ne direction. For the same reason, the ‘source-based’ 

ogeneous solid modeling cannot be applicable for the 
n of the heterogeneous turbine blade. 

her example is the heterogeneous flywheel modeling; 
umar and Dutta’s modeling techniques w

ed here. The physics of the flywheel is different from 
hysics of the turbine blade, so to apply Qian and 
 (2001) physics-based approach, more research is 
d and new problem should be solved. The 
utational approach to multi-material solid free form 
n using simulated annealing is insufficient to be 
ed for the flywheel that the build up time is a function 
e volume and the height of the part, and since the 
eel has large volume, the build up time will be long. 

he nature of the engineering application determines 
hosen modeling method, but can we have new 
ling technology that is efficiently applicable for all 
eering applications, this future research should look 

e are to in
etry, representing multiple material objects in the 
 system, reduction in the build-up time and 
ction cost, to be efficient and applied easily, consider 

and 3D orientation variation and to take into 
derations the micro-structure. So, future work should 
for a new CAD modeling technology that satisfy all 
st of these characteristics. 

er hand, although solid free form f
 stereolithography is a popular technique, research is 
eeded to get new and improved RP technology that 
s the main limitations of the present technologies. 

nclusion  

epresentation of heterogeneous objects is 
portant research area, and since building the 

ogeneous objects became more realizable using rapid 
typing technologies, then methodologies to design the 
bject computer model for free fabrication should be 
oped. Although many modeling approaches and 

ill needed. 

uture work should be directed towards new modeling 
proaches of the heterogeneous objects that avoid the

mitations of the preset technologies and to have some 

plications, like to be as simply applied as required by the 
plication, and to be applicable for all engineering 
odeling applications. A good suggestion in that direction 
 to start using the wavelets in the mathematical 
presentation of heterogeneous objects. Research should 

e forwarded to this direction in order to find the perfect 
eterogeneous object technology.  

 
 

. References 

. R
Sachs, M.
function
fabrication with local composition control”.
Material and Design, Vol.  20, 1999, 63-75. 
 

[2] K. J. Jakubenas, J. M. Sanchez, H. L. Marcus, 
“Multiple material solid free-form fabrication b
s ecel tive area laser deposition”. Materials and 
Design, Vol. 19, No. 1-2, 1998, 11-18. 
 

[3] D. T. Pham, R. S. Gault, “A comparison of rapid 
p totyping technologies”. ro Internation
of Machine Tools and Manufacture, Vol. 38, No.
10-11, 1998, 1257-1287. 
 

[4] A. E. Lange, M. Bhavnani, “Solid free form
fabrication using stereolithogr
Journal, Vol. 30, No. 5, 1994, 46-49. 
 

[5] V. Kumar, P. Kulkarni, D. Dutta,

manufacturing”. Journal of Materials Processing 
and Manufacturing Science, Vol. 7, No. 3, 1999,
294-312. 

[6] F. R. Feito, J. C. Torres, “Inclusion test for
eneral pog lyhedra”. Computers and Graphics, 

Vol. 21, No. 1, 1997, 23-30. 
 

[7] V  . Kumar, D. Dutta, D., 
Modeling Multi-Material Objects”. Symposium 
on Solid Modeling and Applications, 1997, 336-
345. 
 

[8] V. Kumar,
materially graded objects,” Published in
Proceedings of Solid Freeform Fabrication 
Symposium, Austin. 
 

modeling multi-material objects”. 4th

Symposium on solid modeling and application,
August 1997, 336–345. 
 

[10] S. Sun Wei, “Multi-volume CAD modeling for 
heterogeneous object design and fabrication”. 

http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Jakubenas%2c+K.J.&authorId=6603277699&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Sanchez%2c+J.M.&authorId=7403998876&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Marcus%2c+H.L.&authorId=24795659500&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/source/sourceInfo.url?sourceId=21034
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Pham%2c+D.T.&authorId=7203009688&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Pham%2c+D.T.&authorId=7203009688&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Pham%2c+D.T.&authorId=7203009688&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Pham%2c+D.T.&authorId=7203009688&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Gault%2c+R.S.&authorId=7005148904&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/source/sourceInfo.url?sourceId=19164
http://www.scopus.com.scopeesprx.elsevier.com/source/sourceInfo.url?sourceId=19164
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Lange%2c+A.E.&authorId=7202216399&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Lange%2c+A.E.&authorId=7202216399&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Lange%2c+A.E.&authorId=7202216399&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Bhavnani%2c+M.&authorId=7003580426&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/source/sourceInfo.url?sourceId=17916
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Kumar%2c+V.&authorId=7404634485&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Kumar%2c+V.&authorId=7404634485&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Kulkarni%2c+P.&authorId=7201959038&origin=recordpage
http://www.informatik.uni-trier.de/%7Eley/db/indices/a-tree/t/Torres:Juan_Carlos.html
http://www.informatik.uni-trier.de/%7Eley/db/indices/a-tree/t/Torres:Juan_Carlos.html
http://www.informatik.uni-trier.de/~ley/db/journals/cg/cg21.html#FeitoT97
http://www.informatik.uni-trier.de/%7Eley/db/indices/a-tree/k/Kumar:Vinod.html
http://www.informatik.uni-trier.de/%7Eley/db/indices/a-tree/k/Kumar:Vinod.html


 © 2010 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 4, Number 6 (ISSN 1995-6665) 

 
788 

Journal of Computer Science and Technology, 
Vol. 15, No. 1, 2000, 27-36. 
 

[11] D. Khandelwal, D. T. Kesavadas, 

Journal of  

prototyping”. Computer-aided 
design, Vol. 32, No. 12, 2000, 707-717. 

“Computational approach to multi-material solid 
freeform fabrication using simulated annealing”. 

 Material Processing and
Manufacturing Science, Vol. 7, No. 4, 1999, 
405-415. 
 

[12] W. K. Chiu, S. T. Tan, “Multiple material 
objects: From CAD representation to data format 
for rapid 

 
[13] V. Kumar, D. Dutta, "An approach to modeling 

heterogeneous objects". ASME Journal of 
Mechanical Design, Vol. 120, No. 4, 1998, 659–
667. 
 

[14] Y. K. Siu, S. T. Tan, “Source-based 
heterogeneous solid modeling”. Computer-aided 
design, Vol. 34, No. 1, 2002, 41-55. 

s objects 
for layered manufacturing”. Computer-aided 

[16] X. Qian, D. Dutta, D., “Physics-based modeling 
for heterogeneous objects”. Journal of 
Mechanical Design, Vol. 125, No. 3, 2003, 416-
428. 

000. 111-
125. 

 
 design”. Ceramic Engineering 

 
 

 using simulated annealing”. ASME 
 

ing techniques”. CIRP Annals - 
Manufacturing Technology, Vol. 40, No. 2, 

 

 
[15] Y. K. Siu, S. T. Tan, “Modeling the material 

grading and structures of heterogeneou

design, Vol. 34, No. 10, 2002, 705-716. 
 

 
[17] X. Qian, D. Dutta, “Design of heterogeneous 

turbine blade”. Computer Aided 
Design, Vol. 35, No. 3, 2003, 319-329. 
 

[18] J. Huang, G. Fadel, “Heterogeneous flywheel 
modeling and optimization”. Journal of 
Materials and Design, Vol. 21, No. 2, 2

 
[19] S. Ventura, S. Narang, D. Twait, F. Lange, P. 

Khandelwal, E. Cohen, “Solid freeform
fabrication and
a  Scind ence Proceedings, Vol. 21, No. 4, 2000, 
111-119. 
 

[20] D. Khandelwal, T. Kesavadas, “A computational
approach to multi-material solid free form
fabrication
DETC Conference, Baltimore, MD, September
2000. 
 

[21] Kruth, “Material incress manufacturing by rapid 
prototyp

1991, 603-614. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Ventura%2c+Susanna&authorId=7102997280&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Ventura%2c+Susanna&authorId=7102997280&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Ventura%2c+Susanna&authorId=7102997280&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Ventura%2c+Susanna&authorId=7102997280&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Ventura%2c+Susanna&authorId=7102997280&origin=recordpage
http://www.scopus.com.scopeesprx.elsevier.com/search/submit/author.url?author=Ventura%2c+Susanna&authorId=7102997280&origin=recordpage


JJMIE 
Volume 4, Number 6, December  2010

ISSN 1995-6665
Pages 789- 796 

Jordan Journal of Mechanical and Industrial Engineering                                                                                         www.jjmie.hu.edu.jo 
 

Hot Water Management of DHW Storage Tank: Supply Features 
 a, * b

a Department of Mechanical an versity, Amman, Jordan. 

b Department of Mechanical E n-  Nablus, Palestine 

Abstract 

N. Beithou , M. Abu Hilal  

 
d Industrial Engineering, Applied Science Uni

ngineering, A Najah National University,

The current study is directed to analyze the mixing nature of cold and hot water inside storage tank, and the corresponding 
effects on the total usable and delivered energy to consumers. The analyses are done for two different supply features bottom 
and side supply of cold water. An experimental rig consisting of hot water reservoir, cold water reservoir, water pump, flow 
meter  
neces  
result  
both 
has h
mixin  
for as  
speci
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, hot water storage tank (HWST), and a PC with Lab-View data acquisition system, was constructed to collect the
sary data for analyses. Four different flow rates ranging from 1.9 to 10 L/min have been taken under consideration. The
s were in a good agreement with the published expectations. As it is well known, low flow rates save more energy in
bottom and side cold water supply (CWS). The comparison between the two supply features showed that the side CWS 
igher amount of usable hot water than the bottom CWS at the same flow rate. Side CWS also minimizes the turbulent 
g within the HWST which by its turn supply higher energy for consumers. The bottom supply feature which is easier
sembly, has a bad effect on the total usable hot water and the total amount of energy delivered to the customers. A

al mechanism to distribute the water as a uniform layer from the bottom of the tank is currently under investigations. 
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World these days is suffering from the shortage in

mes and businesses. Companies working with the 
facturing of HWSTs are working a lot to minimize 
s of energy in their designs. Many HWST features are 
ble in markets, which may look the same in shape 
iffer significantly in their heat transfer and flow 
ns.  
any Researches have been performed to save energy 
sulation, which reduces the heat losses from the 
T and the accompanied piping system [5, 10, and 11]. 
al heat exchangers were proposed by Industrial 
nology to recover the energy wasted during usage. 
oximately 80% to 90% of all hot water energy flows 
 the drain, carrying with it up to 955 kilowatt-hours 
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tion thickness. To reduce the heat losses from the 
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ffects of plumbing attachments on heat losses from 
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stimated energy savings for hot water systems, J. 
agen and J.L. Sikora [4] have studied the 
rmance comparison of residential hot water systems, 
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stems. Results of simulation showed an increase in 

verall system efficiency for the demand water heater with 
parallel piping distribution system over the storage tank 
ater heater with copper piping. 
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in their study a laboratory test experimen
to measure the energy performance of two d

wasted hot water, for
aximizing the hot water usage. None of the available 

ublished researches investigated what happens inside the 
orage tank. 

As creating new resources of water and clean energy is
hard task, efforts are directed towered conservation and
anaging the available resources. Actually conservation of
sources can be defined as more efficient or effective use 

f resources [3]. The efficient or effective use of resources
quires spreading wide educational programs through

eople of how to use effectively the available resources. It 
 extremely important to investigate and analyze what
appens while energy and water are consumed, how and 
hy these resources are wasted. 

This study is a part of a pro
w to use effectively the available hot water resources.

he project investigates deeply the hot water temperature
ariations within the HWST, for different supply features
f the HWST. 
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2. Experimental Test Apparatus 

To analyze and investigate the nature of hot water 
temperature changes within the HWST, data on the 

should be collected 
under the different variable conditions; to achieve these 
data an 
This 
thoug

solar energy or electrical energy, heating the water by solar 
or electrical energy needs time, to eliminate the time 
required to heat the water a hot water reservoir has been 
used. It supplies the storage tank by constant temperature 
h

ta  
o

 

 
• Water pump: in order to achieve 

a water pump is used to pump ho

variation of the hot water temperature 

experimental rig has been constructed (Figure 1). 
experimental rig consist of Hot water reservoir: even 
h the water in the storage tank is usually heated by 

ot water about 62 oC immediately when required. 
•Cold water reservoir: supplies the hot water storage 

nk by cold water when required; it also gives the
pportunity to control the CWS temperature. 

Figure 1. Schematic Diagram for the Experimental Rig 

the re
t or cold water into the 

quired flow rate 

storage tank, it gives the head required to overcome the 
losses within the piping system. 

• Flow meter: Used to measure the cold water flow rate 
entering the hot water storage tank. 

• Hot water storage tank: where hot water and cold water 
e ixed at the specified conditions, it is a cyar  m lindrical 

tank, contains a set of thermocouples to measure the 
temperature change within the storage tank (see table 
1). 

Table 1. Dimensions of the Hot Water Storage Tank. 

Hot Water Storage Tank 

Height 78 cm 

Internal d 42 iameter cm 

Number o 1f thermocouples 5 

Distance 5 cmbetween thermocouples  

Insulation thickness 4 cm 

Tank 0.108total capacity  m3 
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• •Data Acquisition System: (Lab-View software) consist 
of data cable, data acquisition card, and personal 
computer, it is used to collect automatically the 

In the experiments done hot water is filled into the 
HWST from the hot water reservoi

and store it in a sepa

ng a uniform temperature of 62 oC inside the tank, 
en the cold water from the cold water reservoir is 

umped at a specific flow rate into the HWST from a side 
r bottom opening, the cold water is allowed to be mixed 
ith the hot water, the temperature changes as a result of
e mixing process is recorded for analyses purposes. 

 Analyses 

Many hot w
ets, each has different feature as shown in figure2, 

me have side cold water supply others have bottom cold 
ater supply. Manufacturers spend a lot of money to
sulate the hot water tanks to minimize the heat losses, 
hich is of a great importance in energy conservation.
evertheless they give less attention to what happen inside 
e hot water storage tank during usage. The mixing nature
d heat transfer mechanism associated with the different

sed flow rates affects the available amount of hot water to
large extend. In this work attention had been given to

nderstand the variation of temperature for bottom and
de flow CWS within the HWST, four different 
ntinuous flow rates were used from 1.9 to 10 L/min.  
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For side supply of cold water, four different flow rates 

were used 1.9, 3.5, 5.4, and 10 L/min. F
side supply cooling curves for 15 thermocouples located 
vertically
flow 
tank 
therm

about 5200 sec due to heat transfer between the cold water 
and hot water in their mixing process. A non-uniform 

the temperature of thermocouples 
1 and 2 as a result of the turbulent mixing at the relative 
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Figure 2. Features of Hot Water Storage Tanks in Markets. 
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igure 3. shows the behavior is observed in 

 inside the HWST (see figure1), for cold water 
rate of 1.9 L/min, the total time consumed to fill the 
with its 108 litters was 3410 sec, to cool down all 
ocouples to the cold water inlet temperature it took 

vels, this turbulent mixing dominates the mixing heat 
ansfer at this region. Almost all of the other 
ermocouples are cooled in a uniform way, as the
nvection heat transfer dominates in the relative region. 

Figure 3 Cooling Curves For Cold Water Flow Rate of 1.9 L/min (side supply). 

 cooling curves for a the HWST. The rest of the thermocouples were cooled in a 
u  
te
sh
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en
d
w
co

er flow rate of 10 L/min. It is clear that a large 
lent region and non-uniform cooling curves are 
d as a result of the high flow rate entering the 
T. As observed almost all of the cooling curves 
e a notable oscillation in temperature, this indicates 
gher motion of the cold water inside the tank through 
ixing process. Also it indicates that at higher flow 

a non-uniform temperature may be obtained from the 
T.  

ply of cold water, again four different 
rates were taken; these are 3, 6, 8, and 9 L/min. 
e 5 shows the cooling curves within the HWST for 

ater flow rate of 3 L/min, as it can be observed from 
 5 the first three thermocouples were cooled 
er, which means that the corresponding flow rate 3 
 had made a turbulent flow within the first 15 cm of 

niform way. Small oscillations were observed in the
mperature at the different levels within the tank, this 
ows that there is a simple turbulence in the flow within 
e tank. Figure 6 show the cooling curves within the
WST for cold water flow rate of 9 L/min. It is clear that 
rbulent mixing is dominant, and almost all the tank gets
 have the same low temperature after a short period of
me. This means that a short amount of hot water can be
ed in such a case and the rest of the hot water comes to

e with a low temperature which can not be used as hot
ater.  

In general, the heat transfer mechanisms within the
tire tank can be divided into two parts, one of which 

epends on the direct contact between the hot and cold 
ater, and heat then is transferred as a result of 
nvection, the other is resulted from the high flow rate in  
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Cooling Curves For Cold Water Flow Rate Of 10 L/min
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Figure 4 Cooling Curves For Cold Water Flow Rate of 10 L/min (side supply). 

Figure 5 Cooling Curves For Cold Water Flow Rate of 3 L/min (bottom supply). 

Figure 6 Cooling Curves For Cold Water Flow Rate of 9 L/min (bottom supply). 
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the relative levels within the tank, this create turbulent 

mixing of the cold and hot water inside the tank which by 
its turn accelerates the heat transfer between the cold and 
hot water ers, and drop significantly the temperature of 
the hot w

Th
water
side 
observed that in the side CWS and for the flow rates 
betwe
were 
for a 
betwe
the a

turbulent mixing in the case of bottom CWS. Thus the use 
of bottom CWS in the HWST waste a large amount of the 
usable hot water as a result of turbulent mixing. 

In figure 8, the total delivered energy to the customer 
w  
en  
1 l delivered 
energ  
C  
w  
w
co  
th

 

 lay
ater that is supplied to consumers. 

e total usable hot water available versus the cold 
 flow rate was drawn for both cases of bottom and 
CWS features as indicated by figure 7. It has been 

en 1.9 to 10 L/min, a range between 110 to 75 L/min 
achieved, where as for the bottom CWS feature and 
cold water flow rates between 3 to 9 L/min, a range 
en 90 to 55 L/min were achieved. The large drop in 
mount of usable hot water is related to the high 

as analyzed for both features. It has been found that the
ergy supplied to the customers ranges from 27000kJ to

9000 kJ, in the side CWS. Whereas, tota
y ranges from 21000 kJ to 15000 kJ in the bottom

WS. This result indicates that bottom supply of cold
ater does not only reduce the amount of the usable hot
ater, but also reduces the total energy supplied to the 
nsumers, keeping most of the collected energy within
e HWST unsuitable for use.  
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Figure 7 Total Usable Hot Water versus Cold Water Flow Rate for Bottom and Side Supply of Cold Water. 

Figure 8 Total Delivered Energy For Bottom and Side Cold Water Supply. 
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Furthermore, the time required to cool each 

thermocouple (node as shown in Figure 1) in the HWST 
was drawn in figure 9. It has been found that for small 
flow rates the time needed to cool the nodes increases by 
going fro
flow 

Fi

convection heat transfer is dominant and thus more time 
will be required to cool the higher levels as the 
temperature of the higher nodes gets closer to each other 
thus minimizes the heat transfer rate. At the higher flow 
ra  
b
d

Figure 9 Time Req oC. 
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