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Abstract: The quality of mesh generation is very important for the computationallation of the double channel pump. According
to the special characteristics of the double channel pump, there exisaaagnount of poor-quality elements, most of which are so
called Sliver elements, generated by the tetrahedral mesh generatwithahy of Advancing Front Technique (AFT) and Delaunay
Triangulation. By studying the type, distribution and reason of the badlyezhalements, a method to eliminate these Sliver elements
was proposed. Then this method was combined with advanced optimikats@at smoothing, Laplacian smoothing and swapping
optimization to optimize the tetrahedral mesh. The computer language CHppliecito develop the algorithms. Computational
experiments of a double channel pump shown that the worst elemertie camoved and the whole quality can be improved noticeably.
After comparing the result of numerical simulation with that of the expenirieis believed that the tetrahedral mesh optimization
algorithm can satisfy the computational simulation of the double channgbpum
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1 Introduction lines, especially by the excessive contour lines which are
too close. For the commercial mesh generator Gambit,

With the fast development of computer technology, these smash surfaces need to be merged and other

Computational Fluids Dynamics (CFD) has already beercomplicated operations before mesh can be generated

used in engineering widely. Mesh generation technologysuccessfully.

one of the key CFD techniques, affects the simulation — However, this step is no needed for full automatic

precision of numerical calculation directly. At presehet mesh generation algorithms before the mesh generation.

common methods of fully automatic 3D finite element It is easy for these algorithms to generate the mesh

mesh generation are Advancing Front Technique (AFT)whatever the pump models were. However, many

Delaunay triangulation and Quad-tree/Octree, dt@,B, badly-shaped elements can be generated because of the

4] However these algorithms can inevitably generate theimitations of the algorithms and the contour lines.

badly shaped elements, which will reduce the accuracy offherefore it is necessary to optimize the mesh in the

numerical calculation, even disrupt the calculation. pump model after the mesh generation.

Generally speaking there are much more badly shaped

elements in 3D tetrahedral mesh than those in 2D

elements. Therefore, the 3D tetrahedral mesh2 The Type of Badly Shaped Elements

optimization becomes another key point after the mesh

automatic generation technology. The badly shaped elements of tetrahedral mesh can be

Different modeling methods of pumps result in classified the following three type§]|

different requirements for mesh generation. In order to  Type |: one edge is too short as compared with the

improve the model accuracy, a great amount of contourothers.

lines may be included in the double channel model. The Type Il: one vertex is close to the centroid of the two

"smash surfaces” was caused by these excessive contoor three others.
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Fig. 1: The three types of badly shaped elements

Type llI: the four vertices almost form a planar square generated by combing the AFT with Delaunay
(Sliver elements). triangulation.

Meanwhile, the type elements can be classified into  As shown in Fig2, although the model of this double
three situations according to the different positions ef th channel pump was simplified to reduce the contour lines.
peak point projection: the projection in or out of the There are still badly shaped elements in the double
triangle, the project point at the edge of the triangle(Fig.channel pump because of the high distortion and the
1). Also, the right hand rule should be satisfied for the regions containing contour lines. Owing to the decrease
three types of tetrahedral element. of contour lines, the badly shaped elements are mostly

generated by the mesh generation algorithms and the high

distortion of the model. The types of badly shaped
3 TheNumerical Estimate Criteria of Badly elements are type | and type Ill. The most badly shaped
Shaped Elements element is generated in the volute whose quatit}s,7,

8] is near to zero. All of those badly shaped elements
There are four triangles for the three badly shapedgenerated in the double channel pump should be
elements. Make the area of triangle 123 be the maximuneliminated.
area, centroid Xo,Yp) of the triangle 123 can be got
when point 4 project to triangle 123. The coordinate of 0

are as following: 5 The Mesh Optimization Algorithms
XX+ X3 v Y1+Y2+Y3 1
Xo = 3 0= 3 @) 5.1 The "Smart’ Laplacian Smoothing
The area of triangle 123 is

S123 = Snax = MaxXSi23, So23, 12, S13). The distance  The most common smoothing technique is Laplacian
between point 0 and 4 is: smoothing. According to the mesh quality measurement,
"Smart” Laplacian smoothing technique relocates each of
D— \/(XO—X4)2+(YO—Y4)2 ) the mesh node to the geometric center of adjacent grid

points only if the quality of the local mesh could be

Make A equals to D x 10~°, nearly equals to zero. improved. This technique generally quite suits for meshes
Then the numerical estimation criteria of the badly shapedn convex regions. However, the single Laplacian
elements are as following: 8123 = S12+ S23+ So13, the smoothing could result in inverted elements near
type of the badly shaped elements may be type | or type Ilconcavities in the model, it is always used combining
Meanwhile, ifD < A, the badly shaped elements must be other mesh optimization algorithm8, L0, 11].
type Il Otherwise, the badly shaped elements must be type
I1f S123S012+ So23+ S13 and the quality of the elements

Q < A, the badly shaped elements must be type Ill. 5.2 The Optimization-based Smoothing

4 The Type and Distribution of Badly Shaped The Optimization-based smoothindl13] that uses
function and gradient evaluations find the minimum (or

Elementsin The Double Channel Pump maximum) value of the composite functio) (

Fig. 2 shows the distribution of badly shaped elements in )

one double channel pump. The tetrahedral meshes are o(x) = mn fi(x) 3)
@© 2014 NSP

Natural Sciences Publishing Cor.



16

Appl. Math. Inf. Sci.8, No. 3, 1041-1047 (2014)www.naturalspublishing.com/Journals.asp NS 2 1043

(@) ) (b),
«.«: X ' .
< Q@ * "o &
{ » h + )
! & °
LA
% o 7" ¢
% 0'_'
© ; (d) (e)
4
7 Qé NN
’ A "
Pa Y
LN
L

Fig. 2. The Badly shaped elements distribution in the impelleruteblnd the whole pump is shown in (a), (c) and (f),
respectively. The (b), (d), (e) and (g) are the zoom windowhefelements. It is indicated that the sliver element is the
most elements in the double channel pump

where fj(x) is the quality measure function of the whereS;, S, S, & are the areas of the four surfaces
elements,¢ (x) is the composite function. For different of the element respectively, V is the volume.

selection of a good distortion metric is very important.
Many a priori metrics have been developeldi[L5,16,
17]. However, no optimized objective function was

4
proposed. o o ) ( S A(fi)) maxii ¢ 2
To obtain an optimized objective function, an error E(T) — 1 \iZ1 i=1,.6 li h 7
function was proposed. For a tetrahedral element T, the (T)= 616 v +_7 h | @
quality of T is as belowJ]. =
Qe(T) = a% 4) Thus, when the element is an equilateral element, the

) ) ) ) ) value of the first term is 1 and the second term is O to
where his the longest edge, ris the in-radius and is thgnake sure the error of an equilateral element is 1. As one
scaling factor to make the quality of an equilateral elementglement degenerates, the function tends to infinite. The

is 1. Thus, the quality varies in the interval 1], fromthe  t4ta] error function of the mesh is the sum of all elements
worst quality (close to 0) to the best quality equals to 1. gyors.

The quality of an edge AB, is defined as follog]:

Qu(AB) = min(; 1) © E(r)= 5 EM ©

where | is the length of AB. The quality varies in the
interval [0, 1] as well.

According to the in-radius formula: Theoretically, the less value of the error function the

better quality of the mesh. So, the variable metric method

3V is adopted to solve the minimum of the error function that
r= StS IS+ (6) can be optimized the quality of the tetrahedral mesh.
@© 2014 NSP
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Fig. 3: The first elimination method of sliver element
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Fig. 4: The second elimination method of sliver element

5.3 The Elimination Method of Sliver Element ACDE, ADBG and BDCH. None of any two of the
tetrahedral elements shares one vertex. In this type of
As analyzed above, the most type of badly shapedliver elements, the sliver element cannot be removed by
elements in the double channel pump is type Il (sliver swapping and smoothing method. The elimination for this
element). The sliver element is mostly generated bysliver element was proposed using point insertion and
Delaunay triangulation algorithm. Those sliver elementscollapsing. Firstly, the points K and J are inserted into the
can cause inaccurate result for the numerical calculationmaximum edge AC. The edge AC can be divided into
Because of its special shape, it is hard to be eliminated bydge AK and JC. Then the point collapsing was used to
the normal mesh optimization algorithms, such assuperpose point K and J with B and D. The point K and J
swapping and smoothing. Therefore the eliminatecannot be superposed the points which belong to. This
methods for different sliver elements are proposed. means that point K and J cannot overlap point A and C. In
There are two types of sliver element proposed bythe end, the tetrahedral elements ABCF and ACDE need
Canvendish 18]. The first type is the two conjoined to be deleted from the map. Then the original tetrahedral
tetrahedrons that share one vertex. elements map can be transformed into ABDE, BCDF,

As shown in Fig.3, the tetrahedral element ABCD is ADBG and BDCH. As a result the sliver elements can be
sliver element connected with the element of ABCE, removed as well.

ACDE, ADBF and BDCG. The elements of ABCE and
ACDE share one vertex E. It just needs to delete the
ABCD from the map of elements to eliminate this sliver
element. By transforming the elements of ABCE and
ACDE into ABDE and BCDE the silver elements can be

eliminated relatively easily. In addition to these two types of silver element, if one
The second type is opposite to the first type that theedge of the sliver element belongs to the boundary, it is
two conjoined tetrahedrons do not share one vertex. also cannot be removed by swapping. However, the silver

As shown in Fig4 that the tetrahedral element ABCD element can also be removed by the second elimination
is sliver element connected with the elements of ABCF,method.
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Fig. 5: Program flow process

Fig. 6: The distribution of badly shaped elements before and aftemization

6 The Combination of Mesh Optimization 7 Computational Experiments

Algorithms

The application program is developed by C++. The
There are many limitations for each of the mesh operation system is Windows XP. The CPU is 2.0Hz and
optimization algorithm above. So the three meshthe memory is 1.0G. The tetrahedral mesh is generated by
optimization algorithms are combined to optimize the the open source code Gmst9[. The design parameters
tetrahedral mesh of double channel pump. The progranand experiment performance of the double channel pump
flow process is stated in Fi§. are shown in table 1. The tetrahedral mesh consists of
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Fig. 7: Mesh quality before and after optimization

Table 1: The design parameters and test performance

Flow rate Q 55 nP-ht
Head H 23.49 m
Rotation speed n 2900 rmint
Specific speed sn 129
Efficiency n 60.77 %
Number of blade Z 2
Impeller outlet diameter B 155 mm
Impeller outlet width b 38 mm
\olute base circle diameter D 180 mm
\olute inlet width B 48 mm
\Volute outlet diameter P 80 mm

168754 nodes and 1003706 elements. The is error function. The type elements are sliver elements.
3.65n(Q)%5/HO75, Different elimination methods of sliver elements were
Fig. 6 indicates that before optimization, there are proposed as well.
guantities of badly shaped elements. While after The mesh optimization for double channel pump
optimization, the badly shaped elements nearly allcombining "Smart” Laplacian smoothing, advanced
removed. optimization-based smoothing with sliver elements
As shown in Fig.7 that, there are a great amount of elimination methods is used. Compared with the qualities
sliver elements whose qualities are less than 0.01. Thebefore and after optimization it can be concluded that the
after optimization, the elements whose quality are lessmesh optimization algorithms above can eliminate the
than 0.01 are all removed and the whole mesh qualitiehadly shaped elements in the double channel pump
are better than the original mesh. The qualities of mostefficiency. The advanced optimization-based smoothing
badly shaped elements are aroun88307°. After being  and sliver elements elimination methods are useful for the
optimized most of them are increased around to 0.05.  optimization of tetrahedral elements in the double
channel pump.

8 Conclusion
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