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Abstract: Several structural design parameters for the description of the geometric features of a hollow fan

blade were determined. A structural design optimization model of a hollow fan blade which based on the

strength constraint and minimum mass was established based on the finite element method through these pa-

rameters. Then, the sequential quadratic programming algorithm was employed to search the optimal solu-

tions. Several groups of value for initial design variables were chosen, for the purpose of not only finding much

more local optimal results but also analyzing which discipline that the variables according to“could be benefit for

the convergence and robustness. Response surface method and Monte Carlo simulations were used to analyze

whether the objective function and constraint function are sensitive to the-variation of variables or not! Then

the robust results could be found among a group of different local optimal solutions,
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Fan blade has been ane of the key structures
of the turbofan-eéngine. \Currently, there are
many new trends in structure, design of fan
blade, such as the titanium\ hollow fan blade

H%1 The most-significant

with lower aspect ratio
feature of a hollow fan bladeAs that the pressure
surface and suction surface are produced by tita-
nium thin sheet which envelop a cavity in the
blade, and there are titanium ribs looks like
truss in the cavity. And super-plastic forming/
diffusion bonding process is widely used in the
manufacture of hollow fan blades" .

The design of a hollow fan blade is a typical
structural optimization problem because it is es-
sential to design the proper form, size and inter-
nal ribs of the cavity".

Structural optimization design usually con-
sists of three basic types® : topology optimiza-
tion, shape optimization and size optimization.
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Topology optimization'™® which is often used in
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planar structure-is often the first step in struc-
tural optimization design, but it is difficult to
obtain satisfactory results when using this meth-
od for three-dimensional solid structures because
of its inherent drawback. Second-generation
wide chord hollow fan blade of Rolls-Royce"’
has simple structure of the internal cavity, and it
has shown good performance in structural integ-
rity and durability in the process of testing and
real application. The cross section topology
sketch of this blade can be seen in Fig. 1. There-
fore, this typical topology will be used in the
structure shape and size optimization of a hollow
fan blade based on finite element method in this
paper.

There are many mathematical methods for
structural optimization, including mathematical
programming algorithms and heuristic intelligent
optimization algorithms. Although heuristic op-

timization algorithms generally have a tendency
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Fig. 1 Typical cross section of a hollow fan
blade model

to find the global optimal result, the time costs
are usually so enormous that it could not be ac-
cepted for real engineering structural optimiza-
tion based on finite element analysis"*'". There-
fore, the sequential quadratic optimization algo-
rithm was chosen for its robustness and efficien-
eyt 2 Although this algorithm does not guar-
antee convergence to the global optimum, it can
significantly improve the efficiency of searching
the local optimal solutions with the greatly re-
duction of analysis time. Because of the-charac-
teristic of the sequential quadratic algorithm,
the optimal results-are sensitive to the initial val-
ue of design variables. To‘overcome\this draw=
back, a group of different initial, values should
be determined to obtain a better resultz” When
the local optimal solutions are obtained, it is
very important tocevaluate” which one is better
than the others. However, in practical struc-
tures, the better solution means not only the
smaller objective but also the smaller dispersion
of constraint and objective value because of the
variables fluctuation. Therefore, the response

surface method and Mento Carlo simulationt™ "

are used to analyze the effects of design variables
on the objective and constraint functions, for the
purpose of finding better and more robust solu-

tion.

1 Optimization model of a hollow
fan blade

1.1 Design variables

Four basic structure design parameters of a

hollow fan blade were determined in this paper,

the structure, form and size of a hollow fan
blade and the inner cavity can be uniquely estab-
lished based on these parameters.

The first, thickness of the thin sheet which
was used to form the pressure surface and the
suction surface is signed by letter D shown in
Fig. 2. It should be noted that the thickness are
different from the root to the top of a blade, so
the thickness of the thin sheet for eight different
cross sections which are equidistant distribution
from the root of cavity to the top are selected,
and then the thickness of thin sheet in any cross
section could be interpolated by this group of
thickness. So the shape and size of cavity are de-

termined uniquely.

D
d

Fig. 2 Loeal sketch for cross section of a hollow

fan blade model

The second parameter is the thickness ratio
between the rib in cavity and the thin sheet. The
thickness of rib which is signed by letter d in
Fig. 2 can be uniquely determined by the thick-
ness of thin sheet and the thickness ratio.

The third, diffusion bonding ratio. It is the
ratio between the length of all diffusion bonding
regions and the average arc length of both sides
of the cavity in a cross section. Once the shape
and size of cavity is determined by the thickness
of thin sheet, the length of the bonding regions
which is signed by letter L in Fig. 2 could be u-
niquely determined by the bonding ratio.

The fourth, number of the ribs in the cavi-
ty. A cross section of a hollow fan blade with 24

ribs is shown in Fig. 1.

1.2 Structural optimization model of a hollow
fan blade

Once the structural optimization design pa-

rameters are determined, the finite element(FE)
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model of a hollow fan blade shown in Fig. 3 and
Fig. 4 can be established. Then, the maximum
Mises equivalent stress of the hollow fan blade is
chosen as constraint, and the objective is the
minimum mass. So the optimization design of the
hollow fan blade can be described in formula:

min mass(X)

s.t. SeqvMax(X) << o

X< X< X,

Where, mass ( X) means the mass of the
hollow fan blade, SeqvMax(X) means the maxi-
mum Mises equivalent stress, omx means the
constraint of the SeqvMax ( X), and the vector
X=(D/,D;, Dy, Dys Ds» Dy s D; s Dy, C, L, NDT
means the design variables. In the expression of
vector X, D; means the thickness of thin sheet of
the number i cross section among the eight dif-
ferent cross sections mentioned above, C means
the thickness ratio, L. means the diffusion bond-
ing ratio, and N means the number of ribs. The
capacity of the hollow fan blade bearing with
surface pressure and bending~load will be im-
proved for the increase-6f number of -ribs in cavi=
ty. But the moré there are the'\ribs,\the shorter
the length of diffusion bonding ‘region will~be.
Therefore, the number\of ribs should be chosen
as more as possible on) the basis‘of ensuring
bonding strength. So. 24 is adopted as the num-
ber of ribs for the ‘hollow fan blade used in this
paper, and then the parameter N mentioned in

formula is no longer variable but constant.

Fig. 3 FE mesh of a hollow fan blade

Fig. 4 Local sketch for FE mesh of a hollow
fan blade

2 Sequential quadratic programming
algorithm

Sequential quadratic pfogramming algorithm
which is_efficient and robust is cdémmenly used in
thenonlinear optimization ‘problem with con-
straints. The-ebjective‘\and constraint functions
of original optimization ‘problem are gradually
approached through/ the “successive quadratic
functions.—A typical non-linear optimization

problem-with constraints can be described as:

min  f(x)
s.t. ¢(x) =0, i€ E={1,2,,m}
(‘j(x)<0, jeI:{m+]7m+2’...’p}

Where the x = (2152255 x,) | means the
design variables vector, f(x) means objective
function, and ¢;(x), ¢;(x) means equal and une-
qual constraint functions. The basic idea of se-
quential quadratic programming algorithm is that
the objective function and constraint functions
can be approximated by the Taylor expansion in
the k-th approximation solution. Suppose that x*
is the k-th approximation solution, as a result,

the original problem can be approximated by™?;

min  Q(d) = %dTBderv (X7 d
sct. Va(xHTd+ (s =0, i€E

Ve (xHTd+ ¢ (xH) <0, jel

Where Q(d) = f(x*') — f(x*), B, = v f(x").
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The matrix B, is usually approximated using the
BFGS (Broyden-Fletcher-Goldfarb-Shanno) for-
mula, because exact calculations require infor-
mation concerning the second derivative and sec-
ond derivatives are computationallyextremely ex-
pensive to obtain, Vf(x*) and V¢;(x") are usually
calculated using forward- differences. Then the
original non-linear optimization problem with
constraints is converted to a quadratic program-
ming problem and the search direction vector d
can be determined by solving the formula.
Then, the design variables are updated using
x"! = x*+ ad where ais obtained by performing
a line search in the range a€[0,1]. Finally, this

process is repeated until convergence.

3 Optimization process of a hollow
fan blade

In this section, the structure of the titanium
hollow fan blade is optimized using the sequen-

tial quadratic programming algorithms
3.1 Finite element analysis parameters

Material properties: \the density is.4. 44 X
10° kg/m®, Young’s modulus is 109 GPa, the
Poisson’s ratio is 0. 238 6.

Boundary conditions: the rigid body dis-
placement is zero in the root of the fan blade.

LLoad conditions: the-fotor speed is 1 000
rad/s, pressure on pressure surface is 0. 15 MPa,

the pressure on suction surface is 0. 1 MPa.
3.2 Finite element analysis of a solid fan blade

It is important to determine what maximum
Mises equivalent stress should be given as the
constraint. So at first, a solid fan blade as the
same shape, size and load conditions as the hol-
low fan blade is analyzed using finite element
method for the purpose of finding the maximum
Mises equivalent stress which will be used as the
constraint for the optimization. The Mises e-
quivalent stress distribution contour of the solid
blade is shown in Fig. 5.

The mass of the solid blade is 0. 85 kg, and
the maximum Mises equivalent stress which ap-

pears on the suction surface is 465. 5 MPa. The

= oS P ;
R % 26 %
Stress/MPa
44 55073 106906 155 139 209572 60,605 * 1188 363071 140 65537

Fig.5 Mises equivalent stress distribution
of the solid blade

value of maximum Mises equivalent stress is
lower on the pressure surface than on the suction
surface, but it is higher than 400 MPa still, and
its location is lower than the position where the
maximum-Mises, equivalent stres$ of suction sur-
face“appears. So the location\of the cavity root in
the hdllow fan-blade should be laid on the posi-
tion between these two regionss for the purpose
of staying away from/the root of the solid blade

and those-regions-with large stress.

3.3 Structural optimization of the hollow fan
blade

The purpose of the optimization design is
finding an acceptable structure of the hollow fan
blade with minimum mass under the constraint
that the maximum Mises equivalent stress is not
larger than 465 MPa. The value ranges of the
design variables are listed in Table 1.

Several primary aspects are taken into ac-
count for the choice of the value ranges. First,
the hollow fan blade based on the value of design
variables will be not failure or buckling under
the load conditions. Second, the requirements of
the diffusion bonding strength should be met,
this aspect is limited by the technology of manu-
facture. Third, the geometrical coordination
should be satisfied, that means a real structure
of a hollow fan blade could be established
through the combination of these values.

There are five groups of initial value of de-
sign variables in Table 2. These different initial

design variables would be result in different local
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Table 1 Value ranges of the design variables for the hollow fan blade
Di/mm D;/mm D;/mm D;/mm D;/mm Di/mm D;/mm Ds/mm C L
Upper limit 1.2 1.2 1.0 1.0 1.0 1.0 0.8 0.8 0.2 0.2
Lower limit 2.2 2.0 1.8 1.8 1.6 1.6 1.6 1.0 0.4 0.6
Table 2 Initial values of design variables for structural optimization of the hollow fan blade
Groups Di/mm D,/mm Di/mm D,/mm D;/mm Di/mm D;/mm Dy/mm C L
1 1.5 1.5 1.5 1.5 1.5 1.5 1.5 0.8 0.3 0.4
2 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.3 0.4
3 1.74 1.51 1.31 1. 28 1.27 1.26 1.2 1.0 0.3 0.4
4 2.2 1.8 1.4 1.0 1.0 1.0 0.8 0.8 0.25 0.2
5 1.7 1.4 1.2 1.0 1.0 1.0 0.8 0.8 0.2 0.2

optimal solutions.

These five groups initial value of design var-
iables are chosen for the purpose of not only
finding better solutions but also exploring which
kind of discipline that the design variables are
according to could lead to better results. For the
first group of initial value, the thicknesses of
thin sheets are equal except for Dg. For the sec-
ond group, the thickness of thin sheet.changes
in accordance with the linear“discipline~from the
root to the top in-the \cavity. For-the third
group, the thickness of thin shéet changes in ae=
cordance with the same discipline which the
thickness of solid blade'distributes\according to.
For the fourth and the fifth groups. the D, D,

and D, are changes aecording to linear discipline,

but the values are different. The value of param-
eters C and L are chosen without any special
rules, they are only litter different among these
five groups. Then,five grotups of corresponding
optimal solutions which are shown in the first
five columns—of Table 3 are obtained using se-
gtiential quadratic.algorithm.

It should be noted that the solution shown
in the-first column of Table 3 is not well, be-
cause-it-is_heavierthan the other solutions, and
the D;.is much bigger than D,, this phenomenon
should not be accepted in a real hollow fan
blade. But if the solving procedure of the fist opti-
mal solution is observe carefully, a better local so-
lution will be found by releasing the constraint of

maximum Mises stress to 467 MPa. This solution

Table 3 Optimal solutions for structural optimization of the hollow fan blade
Variables 1 2 3 4 5 6

Dy, /mm 2.196 1. 817 2.2 2.00 1.751 1. 905
D, /mm 1.338 1. 350 1.327 1.316 1. 364 1.310
D;/mm 1.771 1.224 1. 236 1.382 1.315 1. 291
D, /mm 1.0 1.071 1.0 1.0 1.0 1. 007

Ds /mm 1.0 1.021 1.0 1.0 1.0 1.0

Ds /mm 1.0 1.0 1.0 1.0 1.0 1.0

D; /mm 0.8 0.8 0.8 0.8 0.8 0.8

Dy /mm 0.8 0.8 0.8 0.8 0.8 0.8

C 0. 36 0.2 0.2 0.2 0. 27 0.2
L 0.2 0. 38 0. 60 0.2 0.21 0.238
Max Mises stress/MPa 463.92 464.5 465. 00 464. 96 464. 99 466. 96
Mass 0.6913 0.6537 0.6566 0.6574 0.6614 0.6529

Iteration numbers 180 185 211 158 113 229
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with released constraint is shown in the sixth
column of Table 3. It can be seen that the mass
reduces sharply. The reason of this phenomenon
is that there are multi-peaks for the objective
function and constraint function, so the con-
straint condition should be met first in the
process of optimization, and then the optimal so-
lution are solved in the feasible region.

The optimal solutions of D, to Dg are very
similar although the initial values are very differ-
ent in Table 3. Especially for the first three col-
umns and the sixth column, although the D, to
Dg are variables in the procedure of optimiza-
tion, the optimal solutions are almost equal to
the corresponding solutions in the fourth and the
fifth columns. This shows that the lower limit
of initial values could be chosen for these varia-
bles corresponding. It seems that if some variables
could be removed before the optimization process,
the efficiency can be improved significantly.

In the manufacture procedure of<a real hol=
low fan blade, it is inevitable-that the values-of
all of these design variables will be_scatter in-a
region around the optimal valués with a standard
deviation. It will definitely lead ‘to a fluctuation
of maximum Mises equivalent\stress and mass of
the hollow fan blade. Therefore, thebest design
is not only that the optimal’ solution will meet
the requirements of structural performance with
minimum mass but also it will not be excessively
sensitive to the small change of design variables.
Because of this reason, for the purpose of evalu-
ating the optimal solutions in Fig. 3 comprehen-
sively, it is assumed that every design variable

scatters around the corresponding optimal solu-

tion with a fluctuation no more than +5%. So

every design variable fits the normal distribution
N(pi»0;), where p; represents the mean value of

the design variable i, it equals to the value of

. . . 1
corresponding optimal solution, and o¢,= Y X

(0. 05p) represents the standard deviation of the
design variable i. Then a local quadratic polyno-
mial response surface model which fit the rela-
tionship between the mass or the maximum Mi-
ses stress and the design variables are estab-
lished using central composite design sampling
method. 100000 times Monte Carlo simulations
are employed to obtain the distribution of the
mass and the maximum Mises equivalent stress,
the mean value and standard deviation are shown
in Table 4.

group of optimal solutions in Table /3 are not

It should-be noted that the first

simulated through Monte Carloimethod, because
the solution is not well, but 'the release solution
shown-in-the sixth ¢elumn of Table 3 is used in-
stead.

In Table 4, pdée and pue. represent the
mean value of thé mass and the maximum Mises
equivalent stress respectively, and Gun.s and Ggress
répresent the standard deviation of the mass and
the maximum Mises equivalent stress. The num-
ber of groups in Table 4 is corresponding to
Table 3.

Although it can be seen that the best results
may be group 2 or group 6 in Table 3, for their
mass are lighter than the other groups, they do
not show significant advantages in Table 4. It
is difficult to choose the best solution in Table
4, all of the pwess exceeds the constraint, but
and the

they are similar, deviation appears

no special rules. So, all of these solutions can be

Table 4 Results of Monte Carlo simulations for each optimal solution

Results 2 3 4 5 6

Hmass / kg 0.6529 0.6566 0.6573 0.6614 0.6529

Omass / KE 0.001 34 0.00133 0.001 35 0.00141 0.00132
Msiress/ MPa 468 469 468 469 470.0
Guress / MPa 5.574 4. 94 5.06 5.55 4.57
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considered as optimal solution. But group 3 is
not recommended, for the diffusion bonding ra-
tio is too larger, that means more difficult to

manufacture.

4 Conclusions

Sequential quadratic programming algorithm
is used for the internal structural optimization of
a hollow fan blade based on finite element meth-
od. Several useful conclusions could be obtained
through the analysis of optimization process and
the optimal solutions:

Several design parameters for description of
the geometric features of a hollow fan blade are
determined. These parameters should meet the
requirement of geometric coordination, and the
hollow fan blade could be established uniquely
and manufactured.

In the process of structural design optimiza-
tion of a hollow fan blade, the thickness of thin
sheet of the pressure surface and the suction sur=
face near the root of cavity_is the most impor-
tant. They should be ‘chosen carefully. The
thickness ratio-ranged from 0. 2 to 0.'3 and diffu-
sion bonding ratio ranged from Q. 2 to 0.4-are
recommended.

Sequential quadratic|programming algorithm
is efficient and robust.” Although this method
does not guarantee'convergence to global optimal
solution, some similar local optimal solutions
could be obtained through different initial value
of design variables.

It is recommended that the initial thickness
values of thin sheets from the root to the top of
cavity could be in accordance with the linear dis-
cipline. The optimization process can converge
to a better local solution robustly based on this
option, and the searching efficiency could be im-
proved significantly.

The response surface method and Monte
Carlo simulation could be used to analyze wheth-
er the objectives and the constraints are sensitive
to the variation of design variables or not, then a

better optimal solution could be selected by the

comprehensive comparison among several re-

sults.
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