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An optimization study was conducted on a centrifugal compressor. Eight design variables were
chosen from the control points for the Bezier curves which widely influenced the geometric varia-
tion; four design variables were selected to optimize the flow passage between the hub and the
shroud, and other four design variables were used to improve the performance of the impeller
blade. As an optimization algorithm, an artificial neural network (ANN) was adopted. Initially, the
design of experiments was applied to set up the initial data space of the ANN, which was improved
during the optimization process using a genetic algorithm. If a result of the ANN reached a higher
level, that result was re-calculated by computational fluid dynamics (CFD) and was applied to
develop a new ANN. The prediction difference between the ANN and CFD was consequently less
than 1% after the 6th generation. Using this optimization technique, the computational time for the
optimization was greatly reduced and the accuracy of the optimization algorithm was increased.
The efficiency was improved by 1.4% without losing the pressure ratio, and Pareto-optimal solu-
tions of the efficiency versus the pressure ratio were obtained through the 21st generation.

1. Introduction

Centrifugal compressors are still used in small engines of commuter aircraft due to their
high compressor ratio and narrow installation space compared to axial-type compressors. In
industrial fields, centrifugal compressors are also still widely used. Most turbochargers in
vehicles adopt a centrifugal-type compressor. The efficiency of a centrifugal compressor may
be 3-4% less than that of an axial-type compressor under the same operating conditions.
Nonetheless, centrifugal compressors have several advantages. For instance, they are less
sensitive to changes in the mass flowrate, have low manufacturing cost, and are easy to
assemble.
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The efficiency or the pressure ratio of the centrifugal compressor greatly depends on
the shape of the impeller and the flow passage between the hub and the shroud. For the
design of the flow passage and the impeller blade, several methods [1-6] have been sug-
gested. However, the configuration of the compressor is determined by the designer’s
experience and intuition. Thus, an initially designed compressor can be modified to improve
its performance based on the flow structures within the passage after calculations using
computational fluid dynamics (CFD).

To design a compressor systematically while reducing the influence by designers,
design techniques using optimization methods [7-11] have been developed on the basis of
the design variables that can control the shape of the compressor. However, the superiority of
these design techniques could not be validated in experimental results due to the difficulties
in properly conducting experiments. In particular, performance tests of a high-speed com-
pressor are limited by the constraint that such tests require a torque meter that can operate at
a high rotational speed. Additionally, insulation of the test facility greatly affects the amount
of experimental uncertainty in measurement of the isentropic efficiency.

In this study, an artificial neural network (ANN) algorithm was adopted as a
systematic design technique. Initially, the ANN was learned and trained based on input data
selected using the design of experiments (DOE). The ANN was operated with a genetic
algorithm (GA) in order to improve its accuracy during an optimization process; therefore,
the computational time was reduced and a globally optimized result was obtained. This
design technique with the ANN was applied to the compressor of an Eckardt impeller [12, 13]
for comparison of experimental results and a validation of this optimization method.

In general, the shape of a compressor is expressed using a wide range of point data.
However, these data cannot be applied to design variables directly. To select appropriate
design variables, the shape of the compressor should be reexpressed in terms of an analytic
function from the data of numerous points. Therefore, this study shows that any compressor,
even those used in industrial fields, can be optimized using a fast and accurate optimization
algorithm.

2. Redesign of the Eckardt Impeller
2.1. Shape Parameters

Flow passage of a centrifugal compressor is expressed on the meridian plane. The shape of
a three-dimensional impeller is illustrated by the wrap angle (0) and the radius, as shown
in Figure 1. Profiles of the hub and shroud on the meridian plane can determine the flow
passage, and the infinitesimal length (dm) of the meridional curve with the radius of ryef can
be expressed as (2.1). At that location, the blade angle (f) of the impeller can be obtained

using the wrap angle:
dm =\/(dz)* + (dr)?, (2.1)

3 TretdO
p= arctan< i )

(2.2)

The shape of the impeller is usually expressed via point data along the blade on the
suction surface and the pressure surface at the hub and tip. Figure 2 shows the point data
of the Eckardt A-type impeller [14], which was chosen as a reference centrifugal compressor
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Figure 1: Definition of the geometry to illustrate a centrifugal compressor impeller: (a) meridian plane,
and (b) wrap angle and Cartesian coordinates.
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Figure 2: Impeller shape as expressed in Cartesian coordinates: (a) on the x-y plane and (b) on the y-z
plane.

for application of the optimization technique, because the performance and flow structures of
this impeller were available. This large set of point data cannot be applied to design variables,
therefore, the blade profile should be expressed by an analytic function. Initially, camber lines
and the thickness of the blade were calculated at the hub and tip from the point data. These
values are shown in Figure 3. In addition, the point data for the flow passage at the hub and
shroud are shown in Figure 4.

2.2, Shape Curve

The shape expressed by the point data should be converted to an analytic function so as
to choose the proper design variables for optimization. In this study, the Bezier curve was
adopted as this curve is superior in terms of smoothness and continuity:

R(w) = 3B (u)V, 23)
i0
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Figure 3: Profile of (a) wrap angle and (b) thickness along the camber line of the blade.

where B,,;(u) is the Bezier coefficient, u is the independent variable, and V; is the control
point. From the given point data, the control points of the Bezier curve can be calculated using
the matrix of [R] = [B][V] from (2.3). In this case, additional point data beyond the control
points can be applied, and the control points can be obtained by [V] = {[BI'[B] "} [B]'[R].
However, the slope can change at the ends of the curve depending on the applied point data.
Therefore, a boundary condition of the slope was added at the inlet and the exit to connect it
smoothly to the other parts.

Ri=1 By, i(uk=1)
Ry=> By,,i(ur=2) Vizo

N : s (2.4)
R;=0 n(Bn—l,i—l (O) - Bn,l (O)) Vi:n

R _, 1(By-1,i-1(1) = Bu1(1))
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Table 1: Control points for the flow passage and design variables.

At the shroud At the hub
Points z/Ro r/Ry Points z/Ro r/Ro
Ps1 0.0 0.700 Phl 0.0 0.300
Ps2 0.078 0.695 Ph2 0.223 0.350
Ps3 0.184 0.733 (¢1) Ph3 0.394 0.400 (¢3)
Psd 0.399 (¢2) 0.587 Phd 0.629 (¢4) 0.581
Ps5 0.496 0.886 Ph5 0.632 0.801
Ps6 0.520 1.0 Phé6 0.650 1.0
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Figure 4: Comparison of the Bezier curves and point data for the flow passage.

where the subscript k refers to the order of the points data. Control points were calculated
using a transpose matrix and an inverse matrix of the Bezier coefficients.

The flow passage was redesigned using a Bezier curve formulated by six control points
at the hub and shroud, as shown in Figure 4. The Bezier curves agreed precisely with the point
data despite that only six control points were applied at each line. However, more control
points are needed if the curve becomes uneven. For the impeller blade angle calculated using
(2.2) from the wrap angle of the blade, the difference between the point data and the Bezier
curves is shown in Figure 5 with different numbers of control points. The Bezier curve at the
hub was in good agreement with the point data when eight control points were applied. The
application of additional control points in excess of eight did not lead to any improvements.
At the tip, seven control points showed good agreement. The values of the control points at
each line are recorded as normalized values, with the exception of the blade angle, in Tables 1
and 2.
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Table 2: Control points for the blade angle and design variables.

At the tip At the hub
Points A p [angle] Points A p [angle]
Pt1 0.0 —-61.845 Pb1 0.0 -36.399
Pt2 0.167 -59.627 Pb2 0.143 —-27.859
Pt3 0.335 -30.022 (¢5) Pb3 0.286 -39.754 (¢7)
Pt4 0.499 -84.158 Pb4 0.429 36.429
Pt5 0.661 46.949 (¢6) Pb5 0.527 —-82.025
Pt6 0.833 —41.912 Pb6 0.714 80.409 (¢8)
Pt7 1.0 -30.853 Pb7 0.857 -26.313
— — Pb8 1.0 -30.514
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Figure 5: Comparison of the Bezier curves for the number of control points at the (a) hub and the (b) tip.

2.3. Numerical Analysis

To calculate flow structures of a three-dimensional compressible turbulent flow, CFX-12 [15]
was used. A high resolution, which offers greater accuracy than the second-order finite
difference, was applied for discretization, and the k-¢ turbulence model was adopted. From a
test of turbulence models, the k-¢ model predicted the flow structure well within the passage
of the rotating machinery. The computational domains were separated into the inlet domain,
the impeller domain, and the diffuser domain, as the impeller was installed between the inlet
and the diffuser. The interfaces between each domain were connected via the frozen rotor
method.

For the boundary conditions, total pressure was applied at the inlet with medium
turbulence intensity (5%), and the mass flowrate was used at the outlet. A periodic boundary
condition was applied to the surface in the circumferential direction, and a wall boundary
was used on the hub and the shroud. Tip clearance was inserted between the impeller tip
and the casing. In a test of grid independency, the computed results were similar when more
than 150,000 elements were applied in the computational domain. In this computation, more
than 220,000 elements were used in the computational domain, and the first grid away
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Figure 6: Computational grids and domains with boundaries.

from the wall was less than 5 for y+. Thirty-five meshes were applied along the spanwise
direction including seven meshes for tip clearance modeling. An O-type grid of six meshes
was applied around the blade to improve the grid orthogonality near the wall. The grids
in the computational domain are shown in Figure 6. Convergence was achieved when all
residuals (RMS) were reduced by at least 10 to the sixth order in magnitude.

Computational results at the design point showed total-to-total efficiency of 91.9% and
a pressure ratio of 1.89 regardless of whether the calculation was conducted on the computa-
tional domain constructed using the point data or the Bezier curves. In a previous experiment
[14], the total-to-total efficiency and the pressure ratio were obtained as 88.9% and 1.91,
respectively. Although the efficiency was overestimated by various factors in the compu-
tation, the overestimated efficiency and the underestimated pressure ratio were predicted
consistently in the comparison with the experimental results at the off-design points.

Figure 7 shows the relative velocities at the center plane between blade and blade.
The computed velocities were compared to those measured along the lines aligned normal to
the meridional shroud contour [16]. Two-computed results were very similar. This indicates
that the point data were converted well to the analytic function of the Bezier curve. However,
these computational results show some discrepancy from the experimental data. In particular,
this discrepancy is increased near the shroud when the flow approaches the exit of the
impeller. The characteristics of this flow structure suggest that the tip clearance near the exit
in the actual model would be infinitesimally smaller than that in the computational model:
hence, this different tip clearance causes underestimation of the pressure ratio in CFD.

3. Design Variables and Objective Function
3.1. Effect of Control Points

Although the point data for the compressor configuration were converted to four Bezier
curves; two for the flow passage at the hub and shroud, and the other two for the impeller
blade at the shroud and tip, it is not possible to apply all of the control points of the Bezier
curves to the design variables, because there are too many. Moreover, some of them are
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Figure 7: Relative velocities at half pitch along the spanwise direction: (a) A = 0.08, (b) A = 0.43, (c) A = 0.59,
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Figure 8: Hub contour change versus control points moving at the hub of the flow passage.

redundant regarding shape changes. Hence, control points that have a strong effect on the
performance should be chosen to be used as design variables. As the performance of the
compressor is closely related to the shape change, all control points are evaluated with respect
to their effect on the compressor configuration.

Figure 8 shows the hub contour change of the flow passage when control points Ph3
and Ph4 are moved equally by a distance of 5% of the impeller exit radius (R;) to the r-
direction and z-direction, respectively. Other control points are fixed so as not to change the
slope at the inlet and exit of the impeller. In the Ph3 case, moving to the r-direction is more
sensitive in terms of the contour change than moving to the z-direction. Conversely, moving
to the z-direction is more sensitive for the Ph4 control point. Therefore, these Ph3 and
Ph4 control points depending on the moving direction can be adopted as design variables,
because these points fully express the change of the hub contour. After applying the same
method to the shroud contour, moving to the r-direction of Ps3 and moving to the z-direction
of Ps4 sufficiently accounted for the change of the shroud contour.

The effects of the control points for the blade angle contour are compared in Figure 9.
In the Bezier curve for the blade angle contour at the hub, eight control points were chosen.
Among them, two control points at the inlet and the exit were not moved in order to fix the
blade inlet and exit angle, because the compressor was operated at the same rotational speed.
When the four control points of Pb3-Pb6 were equally moved by ten degrees, the effect on
the blade angle contour was similar at each variable. When Pb3 and Pb6 were chosen as
the design variables, the contour change of the blade angle at the hub could be expressed
without using Pb4 and Pb5. At the impeller tip, the contour change of the blade angle was
fully displaced with the use of only two control points, Pt3 and Pt5.

3.2. Design Variables

Eight design variables to optimize the Eckardt A-type compressor were chosen by examining
the effect of each control point for the Bezier curve; four design variables were chosen for
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Figure 9: Blade angle contour change versus control points moving at the hub of the impeller.

the flow passage and other four were used for the impeller blade. Figure 10 shows the control
points and the four design variables used to optimize the flow passage. Note that, Ph3 and
Ps3 are limited in that they can move only along the r-direction, whereas Ph4 and Ps4 are
limited to moving only along the z-direction. The locations of these variables are denoted as
¢1-¢4 in Table 1. Figure 11 shows that the contour of the passage is fully controlled by the
adopted design variables at the hub and shroud.

For the contour change of the blade angle, the control points Pt3 and Pt5 were adopted
as the design variables at the tip, while Pb3 and Pb6 were used at the hub. Figure 12 shows the
control points and design variables used to optimize the impeller blade, while Table 2 shows
their locations, marked as $5-¢8. These eight design variables are changed simultaneously
during the optimization process, because the performance of the compressor is influenced
not only by the passage shape but also by the impeller blade configuration. However, the
configuration of the compressor could be altered significantly when the values of these design
variables are changed in a wide region on the basis of the initial value. Hence, the range of the
design variables was limited in terms of the upper and lower bound to avoid an inapplicable
configuration. These limitations were obtained from the compressor configuration displayed
according to the movement of the design variables. Table 3 shows the upper and lower
bounds of the design variables. In particular, the lower bound of the design variable ¢,
which is Ps3 pertaining to the passage contour at the shroud, is limited to the initial value
for assembling the impeller within the casing.

3.3. Objective Function

An objective function for optimizing a compressor can be determined according to the users’
requirements or by the application. For instance, it could be set for aerodynamic efficiency, a
high pressure ratio, light weight, or small size. In this study, the efficiency and the pressure
ratio are considered together as the objective function as follows:

OF = wy, Py + wn P, (3.1)
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Table 3: Upper and lower bounds of the design variables.

Design variables Minimum Initial Maximum
¢1,Ps3 [r/R;] 0.733 0.733 0.808
¢2, Psd [z/Ro] 0.224 0.399 0.494
¢3, Ph3 [r/R;] 0.275 0.400 0.525
¢4, Ph4 [z/R,] 0.504 0.629 0.679
@5, Pt3 [angle] -40.0 -30.022 -5.0
@6, Pt5 [angle] 15.0 46.949 70.0
¢7, Pb3 [angle] -50.0 -39.754 -28.0
¢8, Pb6 [angle] -50.0 80.409 90.0
1.2
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Figure 10: Control points and design variables for the flow passage.

where w is the weighting function and the subscripts # and IT are the efficiency and the
pressure ratio, respectively. The objective function P, is the difference between the ideal effi-
ciency and the computed total-to-total efficiency. Hence, the maximum efficiency is obtained
when the value of P, is minimized:

Pq =1- Hi-t- (32)
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Figure 12: Control points and design variables for the blade angle contour at the (a) tip and the (b) hub.

In the compressor performance, the pressure ratio is as important a factor as the
efficiency. Typically, this pressure ratio is determined in the early design stage depending on
the application. If the pressure ratio is lower than the required ratio, the operating pressure
should be increased so that the device works properly. In addition, if the pressure ratio
is higher than the required ratio, this high pressure causes a loss of power. Therefore, the
pressure ratio should be achieved within a very small range based on the requirements.
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In this study, this range was set within 1% of the necessary pressure ratio (Il.q). If the
computed pressure ratio deviates from this range, the objective function of Py is increased.
Therefore, the efficiency is maximized while the necessary pressure ratio is compromised, as
the objective function (OF) is minimized during the optimization process. In this study, the
weighting function was applied equally as one:

I1-T11
Pri = max I Theg| 0.01 ),0.0]. (3.3)
Il

req

When the impeller shape is changed by various design variables during the optimi-
zation process, the impeller may be forced to undergo an unacceptable level of mechanical
stress. In particular, high mechanical stress arises when the impeller is seriously bent. If this
mechanical stress is greater than the allowable stress, the impeller will be unfeasible. Thus, a
constraint condition was placed on the mechanical stress as follows:

O; — O,
Po _ Omax allowable <0.0. (34)
Oallowable

4. Optimization
4.1. Optimization Method

There are many methods of finding the minimum value of the objective function. As a fast
method, a gradient-based method can be applied if the objective function rarely reveals non-
linear characteristics as a fan. In this case, the gradient-based method would be a good choice
if appropriate initial values are selected so that the optimum does not fall into any local
optimum [17]. However, the objective function on the compressor showed numerous local
minimums in the design space. If a gradient-based method is applied to this problem, the
result could be a local minimum. In order to avoid this undesirable result, a response surface
method (RSM) [18, 19] or a genetic algorithm (GA) [20, 21] has been applied, but these
methods often require a considerable amount of computational time depending on the num-
ber of design variables. To reduce the computational time, a method that combines the RSM
and the GA was introduced [10]. In other methods, the ANN has been applied [22, 23] and
the ANN has been used together with the GA [8, 11, 24]. In addition, the DOE was applied
with the RSM and the GA [9].

A trained ANN provides a good methodology to search the global optimum in a
problem having numerous local optimums if its accuracy is guaranteed. Hence, the ANN
was adopted here as the main method for optimizing the centrifugal compressor showing a
nonlinear result. However, the ANN requires much time to be trained, although an optimized
result can be obtained quickly from the trained ANN. In order to reduce the training time for
building the ANN, the DOE was adopted. As the first step, a design space representing the
entire design space was built by a small amount of data that were chosen systematically by the
DOE. The initial ANN was then trained and built using the CFD results obtained in this
design space. As the second step, new input data from the entire design space were selected
using the GA. These input data constitute a generation with its populations. The objective
functions for these populations were then evaluated using the initial ANN with the con-
straints. If any objective function reached a level comparable to the best result obtained in
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the previous step, these results were recalculated using the CFD and were then applied to
update the ANN to increase its accuracy. Therefore, the accuracy of the ANN was con-
tinuously improved upon each generation of the GA during the optimization process. The
working flow for this process is shown in Figure 13.

4.2, Application

The fractional factorial design of 23, was applied in the DOE for the data set to train the
ANN at the beginning. Consequently, the ANN initially required the computed results for
sixty-five design cases including a center point. To construct a more accurate ANN, the range
of the design variables in the DOE was limited to 75% of the width from the initial value to the
maximum or minimum shown in Table 3, because the objective function near the minimum
and the maximum was worse compared to its initial value. However, during the optimization
process, the design variables for new design cases were determined over the entire design
space by the GA. For a subsequent generation, the cross-over probability and mutation were
chosen as 95% and 10%, respectively.

For the constraint condition, a stress analysis was conducted using ANSYS version-
13 for sixty-five design cases. The material of the impeller was chosen as AL7075 alloy. The
thickness of the blade was distributed equivalently along the normalized meridional length
corresponding with the blade thickness distribution of the original impeller. In the compu-
tation, the stress and displacement were calculated under the actual operating conditions.
Figure 14 shows the stress distribution on an impeller that is seriously bent among the sixty-
five design cases and the unit of stress is Pascal. The maximum stress resulted at the blade
hub located at the exit of the impeller, and the impeller had a safety margin on the stress as
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Figure 14: Von Mises stresses due to the centrifugal loading.

well as on the displacement for the sixty-five cases. Therefore, the initial ANN was trained
using the results of the sixty-five cases.

A feedforward backpropagation algorithm with two layers was applied to the ANN.
A hyperbolic tangent function and a linear function were applied as a transfer function in
the hidden layer neuron and a transfer function in the output layer neuron, respectively.
Ten neurons were used in the hidden layer. The weights and bias vectors of the networks
were searched along the negative gradient of the performance function calculated using the
Levernberg-Marquardt algorithm [25, 26] with an initial y parameter of 0.001. However, they
were updated at a learning rate of 0.1 and a momentum constant of 0.9 so as not to fall in
a local minimum while the error, which is the difference between the output predicted by
the neural network and the actual output, was decreasing. The training and learning of the
network were conducted using the nntool function in MATLAB [27].

From the objective functions for the sixty-five design cases, the main effect or the
interaction effect of the design variables was evaluated by the DOE to estimate the influence
of each design variable on the objective function. Figure 15 shows the main effect of the
design variables. The blade angle on the hub (¢8) among the eight design variables shows the
strongest influence on the change of the average objective function. However, moving to the
r-direction on the shroud (¢1) weakly affects the change of the average objective function. In
the second-order interaction effect of the design variables, the average objective function was
mainly influenced by the design variables (¢5, ¢7), (¢7, $8), (¢5, $8), and (¢2, p4). As shown
in Figure 16, for the design variables (¢5, $7), the interaction effect of the average objective
function is increased when the design variable ¢5 is at a high level. For the design variable
(97, $8), the interaction effect is magnified when the design variable ¢7 is at a low level.
However, the lowest value of the average objective function was obtained at the center point.

New design cases of one hundred populations upon each generation in the GA were
obtained over the entire design space, and their objective functions were then evaluated by
the developed ANN. If the output results were less than a designated level on the basis of the
minimum obtained in the previous generation, these output results were recalculated using
the CFD and were then applied to update the ANN. The value of a in (4.1) was applied as 4 or



16 Mathematical Problems in Engineering
0.105
g Q\\\\\ /8
5 .
E 00951 BN P
‘@ I L
= ™ LT
2 P N
3 T N
o v N
® 00851 o SN
— ] N
<X
>
<
3
0.075 . :
Low High

-4~ Sh. pt3 (¢1)

-e- Sh. pt4(¢2)
-8~ Hub pt3(¢3)
Hub pt4(¢4)

-0-- Tip pt3(¢5)

Level of design variables

-v- Tip pt5(¢6)

-@- Hub pt3(¢7)

-@- Hub pt6(¢8)
¢ Center point

Figure 15: Main effect of the design variables.

0.11 0.11
f\\ A\\
g g
2 o1 g 01
2 . 2
E \\\\ AQZ) \\\
S 0.09 - S S 0.09 hN
RN A ) 2 o _ ~
kS R k) R »
9} S~< ) T~<
80 S~ on S~
S 0.08 R ~-a £ 008 o ~o
9]
> >
< <
0.07 0.07

Level of blade angle at hub pt3(¢7)

-4~ Sh. pt3(¢5) low
-o- Sh. pt3(¢5) high
& Center point

(a)

Level of blade angle at hub pt6(¢8)

-4- Hub pt3(¢7) low
- o~ Hub pt3(¢7) high
¢ Center point

(b)
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5% depending on the generation. Table 4 shows that this ANN was continuously improved
upon advancing to a new generation. The error, which is the average difference between the
outputs predicted by the ANN and those by the CFD, was decreased to less than 1% upon

the sixth generation:

OFnew < OFmin(old) +ax OFmin(old)-

(4.1)
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Table 4: Number of updated design variables and errors.

Generations Updated design variables Error [%] Level (a) [%]
1st 12 8.23 5.0
2nd 9 3.50 5.0
3rd 14 3.67 5.0
4th 8 1.57 5.0
5th 11 1.60 4.0
6th 11 0.92 4.0
0.94
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Figure 17: Paretooptimal solutions of the objective function.

After advancing to the twenty-first generation, the objective function could not
decrease further. Figure 17 shows the efficiency and pressure ratio for all design cases. The
optimum of the objective function defined as (3.1) is indicated by “A” in Figure 17. The effi-
ciency was improved by 1.4% compared to the initial compressor without penalizing the pres-
sure ratio. In addition, Figure 17 shows the Paretooptimal solutions of the efficiency versus
the pressure ratio. The efficiency on the Paretooptimal front (POF) increases when the pres-
sure ratio decreases; otherwise, the pressure ratio increases as the efficiency decreases. Hence,
any location on the POF can be selected as the design point depending on the operating con-
ditions. Table 5 shows the design variables in the initial conditions as well as in the operating
conditions on the POF.

Total pressure contours obtained upon the initial configuration were compared with
those obtained at the operating points “A”, “B”, and “C” on the POF. Figure 18 shows how the
shape of the flow passage has been modified from the initial configuration depending on the
operating points, because they are illustrated in the meridian plane. When the operating point
is moved to “C” from “A”, the pressure ratio is gradually increased and the shape of the flow
passage is gradually altered, as shown in Figure 18. In particular, the curvature of the shroud
is decreased according to the increase in the pressure ratio. This reduced curvature increases
the height of the flow passage near the exit of the impeller, which causes an increase in the
pressure ratio.

Relative Mach contours in the meridian plane are shown in Figure 19. A low-velocity
region is generated near the hub at the operating point “C”. This low-velocity region is
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Table 5: Comparison of the design variables located on the Paretooptimal front.

Design variables Initial A B C
¢1,Ps3 [r/R;] 0.733 0.779 0.753 0.790
@2, Psd [z/Ro] 0.399 0.345 0.279 0.266
¢3, Ph3 [r/R:] 0.400 0.518 0.518 0.473
¢4, Ph4 [z/R;] 0.629 0.638 0.678 0.678
@5, Pt3 [angle] -30.022 -19.746 —20.548 —-20.548
¢6, Pt5 [angle] 46.949 20.414 29.037 33.249
¢7, Pb3 [angle] -39.754 -31.550 -33.556 -33.556
¢8, Pbb6 [angle] 80.409 86.899 79.679 80.682

(d)

Figure 18: Comparison of total pressure contours at (a) initial, (b) “C”, (c) “B”, and (d) “A”.

gradually reduced when the operating condition moves to the operating point of the low-
pressure ratio. The relative velocity at the exit of the impeller becomes slower when the
compressor operates at the POF compared to the initial state. Figure 20 shows the relative
velocities obtained along the blade-to-blade at the midspan where is located on the surface
aligned normal to the meridional shroud contour. At the operating point “C”, the relative
velocities are slightly slower than those obtained at other operating points. In particular, the
relative velocities obtained at the POF have a profile that differs from those of the initial
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Figure 19: Comparison of relative Mach number contours at (a) initial, (b) “C”, (c) “B”, and (d) “A”.

configuration at the half pitch near the exit of the impeller due to the change in the shroud
contour.

5. Conclusions

An optimization study was conducted on a centrifugal compressor of which the shape was
expressed by the data of numerous points. This point data set was converted to Bezier curves
to determine the best design variables. Each shape for the impeller blade or the flow passage
could be fully expressed by six to eight control points for each Bezier curve. Among these
control points, eight control points that strongly affect the change of the shape were chosen
as design variables. The objective function was considered in terms of both the efficiency
and the pressure ratio, and the limitation of the mechanical stress was set as a constraint.
For the optimization algorithm, the ANN was adopted and it was trained and updated to
improve its accuracy using the DOE with a GA. After advancing to the sixth generation,
the prediction error between the ANN and the CFD was reduced to less than 1%. The
Paretooptimal solutions were obtained after the twenty-first generation. The efficiency was
improved by 1.4% without loss of the pressure ratio.
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Figure 20: Relative velocities along the blade-to-blade at the mid span: (a) A = 0.08, (b) A = 0.43, (c)
A=0.59, (d) A =0.73, (e) A = 0.87, and (f) A = 1.01.
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