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Design of Compressor/Fan Blades
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Abstract: The current situations. technical characteristics and key techniques of automatic aerodynamic optimi-
zation of compressors/fans, which are developing rapidly in recent years, are reviewed. It is concluded that the
automatic design method is of high efficiency and suitable for the design of compressor and [an of high perform-
ance; and the parallel genetic algorithms should be considered first for reduction of the time consumed and the
improvement of search efficiency. It is proposed that the further investigations should focus on blade parame-
terization method, acceleration method of flow field simulation and improvement of search efficiency.

Key words: compressor; fan; numerical optimization method; parameterization method; numerical flow [ield

simulation; blade
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Fig.1 Flow chart of automatic aerodynamic optimiza-

tion design
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Fig. 2 Comparison of optimal and CDA blade profiles
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Abstract: An automatic aerodynamic optimization design system for centrifugal compressor impellers is devel-

oped. The system utilizes the combined optimization of blade profiles and meridional geometries. In the construc-

tion of objective functions, non-design point performances are considered to realize the performance optimization

in whole work ranges of the impeller. An impeller with one row of split blades is redesigned using the proposed

optimization system. Results show that for the optimal impeller, the efficiency is obviously improved in the whole

mass flow ranges, while the total pressure ratio hardly varies.
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INTRODUCTION

In design procedures of turbomachinery
blades, many researches showed successes of the
automatic optimization methods in two-dimen-
sional compressor cascade design®?. In
Refs. [1-2], blade performances of design and
non-design points were combined into objective
functions. And the optimal blades have excellent
performance at both design and non-design
points. With the computer technology develop-
ment and the use of parallel computation, recent-
ly, optimization design of three-dimensional
blades has been investigated. In Refs. [3-4],
NASA rotors 67 and 37 were improved by the au-
tomatic optimization methods. Compared with the
original blades, the efficiencies of the rotors com-
posed of the optimal blades are ‘improved by
1. 0% in whole working ranges for the two cases.

For centrifugal impellers, the blades are usu-
ally composed of ruled surface, which simplifies
the design process and reduces manufacturing
costs. In the impellers, blades are determined by
only two blade sections, namely, the hub and the
shroud. Compared with the blades of axial com-

pressors, the number of design variables can be

Article ID:1005-1120(2008)02-0128-07

quite fewer. In Refs. [5-6], impeller blade bound
circulation (swirl velocity) distribution of design
points was set as design variables, and the maxi-
mum efficiency of the design point was taken as
an objective. Once the circulation is determined,
the inverse method is used to generate three-
dimensional blade geometries. In the method, the
fixed specific work design can be easily realized
for the fact that the bound circulation is correlat-
ed with the work.

In this paper, the CFD code is validated by
comparing numerical and experimental results of
the Krian's impeller. An automatic aerodynamic
optimization system for the centrifugal compres-
sor impeller is constructed. And the optimization
is composed of flow field simulation, geometrical
parameterizations, and optimization algorithms of
the simplex method. Finally, an impeller with
one row of split blades is redesigned as an exam-

ple.

1 MODULES IN OPTIMIZATION
DESIGN SYSTEM

1.1 Impeller flow field simulation

In this paper, the three-dimensional, un-

Received date: 2007-10-24; revision received date: 2008-01-08
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(b) Calculation

Fig. 4 Comparison of exit relative flow angle contours

1.2 Optimization method

The optimization methods can be categorized
into two groups: the gradient based optimization
anad the exploratory techniques. The former needs
to calculate the gradient of objective function and
to steer the solution toward the closest local opti-
mum configuration, while the latter does not need
to calculate the gradient. Some of exploratory
techniques, such as the genetic algorithm and the
simulating anneal algorithm, can find the opti-
mum solution in the whole design space. But us-
ing these algorithms, the calculation of objective
function increases, therefore becomes time-con-
suming. In the present design study, the simplex
method is used for searching optimal impellers. It
has the ability to search global optimum. And
compared with the genetic algorithm, the calcula-
tion of objective function is less. Therefore, its
time cost is relatively low. The method is one of
successful methods applied to practical engineer-

ing design problems. Its detail can be refered to

Ref. [1].
1.3 Geometrical parameterization method

The impeller blades and meridional geome-
tries are modified by adding a smoothing pertur-
bation An to the initial geometries. This parame-
terization method of geometries ig suitable to im-
prove original geometries. To ensure the blade
structure burliness, full and split blade thickness-
es are kept same as initial blades in the optimiza-
tion procedure. When the blade suction surfaces
are modified, its pressure surfaces vary corre-
spondingly. Therefore, there are six variables for
the impeller with one row of split blades, which

are hub and shroud meridional geometries, and
hub and shroud suction surfaces of full and split
blade. The geometry perturbation An normal to
the curves is defined as a linear combination of
Hicks-Henne shlape functions

M
An = D Wifild) 1

k=1
where f:(z) is the base functions, x the percent

of curve arc length, weighting coefficient W, the
design parameter to be determined by the opti-
mization, and M the number of design parameters

of the curve (design variable).
1.4 Objective function determination

The expression of objective function is con-
structed as follows. The optimization procedure is
looking for the minimum value of the function.

N
f= E(Cuhﬁi - 71'10,~|/ri10,- - Ciz('lk:‘ -

i=]

o)/ Teoi + Cis | M — i | /7o) 2)
where C;y, Ciy» Ci; are the weighting coefficients
larger than zero. 7y 75 Muoi™ s T 5 Meoi ™ » M
are the initial and the optimized impeller mass
flow rates, efficiencies and total pressure ratios,
respectively. N is the work state number consid-
ered in the optimization proceaure on the impeller
performance curve at a given shaft speed. The ob-
jective constructed by Eq. (2) indicates that at the
N work states, the efficiency reaches the maxi-
mum, and the differences of mass flow rate and
total pressure ratio between initial and optimal
impellers attain the minimum. In this paper, the
number of work states N is two, the first point of
which is taken near the design mass flow rate and
the other near the stall boundary. C,, = 0.05,
C;:;=1.0, C;3=0.05, C;,=0.0, C;,=1.0 and
C;3=0.0. Cy; and C;; are set much smaller than
C); and C,, because the changes of mass flow rate
and total pressure ratio are much easier than the
increase of efficiency. C, = 0.0 and C,; = 0.0
means that at the point near the stall boundary,

only the efficiency is considered.

2 DESIGN OPTIMIZATION OF
IMPELLER

The time expended in the optimization proce-
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dure is mostly devoted to the flow field simula-
tion. In this paper, coarse meshes are used in the
optimization procedure and final results are ob-
tained in fine meshes. To testify the credibility of
the treatment, impellers of various geometries are
numerically simulated in both coarse and fine
meshes before the optimization. Fig. 5 shows the
comparison of performance of four impellers out
of them. The coarse grid contains 20 X 52 X 20
(21 000) mesh points and fine grid contains 30 X
82X 30 (74 000) mesh points. In spite of the dif-
ferences of performance calculated between coarse
and fine meshes, the change tendencies of total
pressure ratio, mass flow ratio and efficiency cal-
culated in coarse meshes are consistent with fine
meshes. It ensures that coarse meshes can replace

fine meshes in the optimization procedure.

191 —{— Fine mesh
1.90 —O— Coarse mesh
vu K89
R 188}
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1.86 ¢, G L s
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Serial number of impellers

—

Fig. 5 Comparison of calculating results in coarse

and fine meshes

An impeller with one row of split blades is
redesigned. The impeller has 15 full and split
blades and the design shaft speed‘is 40 000 r/min.
Fig. 6 shows the three-dimensional view of the
initial and optimal impeller with three-dimension-
al grids in the initial impeller. The blade profiles
of the initial and the optimal impellers at shroud
and hub are shown in Fig. 7. And the meridional
geometry is shown in Fig. 8. At the outlet, the

geometrical angles (measured in the axial direc-

Optimal impeller

Initial impeller with three-
dimensional grids

Fig. 6 Three-dimensional view of impellers

tion) of the optimal impeller with full and split
blades are all smaller than those of the initial im-
peller at shroud and hub (see Fig. 7). It means
that in the optimal impeller, the flow passage of
the blade to blade surface is more diffused. And it
is also a factor of increasing pressure ratio and in-
ducing the increase of the boundary layer thick-
ness on blade surfaces. However, the flow pas-
sage in the meridional plane is more contracted
(see Fig. 8), which counteracts the above effects
on boundary layers. Fig. 9 shows the circumfer-
entially averaged shroud static pressure along the
streamwise direction. And the pressure of the op-
timal impeller varies more slowly than the initial
impeller.

In Fig. 10, the contours of meridional veloci-
ty (cm/u) at impeller outlets show that low speed
regions on blade suction surfaces of the optimal
impeller are smaller than those of the initial im-
peller, especially for split blade. There exist re-
circulation regions on blade suction surfaces near
the shroud due to tip clearances (see Figs. 11,
12). But the recirculation regions of the optimal
impeller are smaller than those of the initial im-
peller.

Figs. 13, 14 show the comparison of perfor-
mances of optimal and initial impellers, at full and
80% design shaft speeds. As shown in Figs. 13,
14, in the whole work range at the design shaft
speed, the efficiency of the optimal impeller is
higher than that of the initial impeller, and the

total pressure ratio, as well as the work range of



