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(a) Initial ply design 5: (b) Final ply design 5:
[0/90] [0/90]

Figure 35.—Comparison of ply shapes: (a) initial ply shape 5, (b) final ply shape 5.

(a) Initial ply design 6: (b) Final ply design 6:
[45/-45] [45/-45]

Figure 36.—Comparison of ply shapes: (a) initial ply shape 6, (b) final ply shape 6.
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Ply design 7: [90/0] Final Ply design 7: [90/0]

(a) Initial ply design 7: (b) Final ply design 7:
[90/0] [90/0]

Figure 37.—Comparison of ply shapes: (a) initial ply shape 7, (b) final ply shape 7.

Desigh Variable 11

Ply shape 8:
[0/0/0/0/0/0/0/0]

Figure 38.—New ply shape 8.
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7.2  Final Static Analysis Results

A final static analysis was executed of the updated MSC/Nastran database and the results are shown
in Table 18. Comparing with the initial design the final weight was increased from 25.56 to 27.94 1b with
NEWSUMT and to 27.84 1b with NLPQ. The initial design was not feasible because at least one strength
ratio constraint did not meet the design criteria, as shown in Table 10. The maximum principal stress and
maximum shear stress results with percent differences are given in Table 17. Both maximum principal
stress and max shear stresses were reduced in the final analysis by both NESUMT and NLPQ optimum
designs. The percent difference for NEWSUMT was 8 percent for maximum principal stress and
9.22 percent for maximum shear stress. The differences for NLPQ were 9.78 percent reduction and
10.98 percent for maximum principal stress and maximum shear stress, respectively. The displacement
magnitude was reduced in the final analysis, 10.55 percent by the NEWSUMT design and 8.57 percent by
the NLPQ design. The final stress and deformation plots are depicted in Figures 39 and 40.

Radial tip displacements were also reduced by both optimizers at tip nodes 3225 and 3276, as shown
in Table 18. The percent reduction was 10.5 percent with NEWSUMT for both tip nodes and about
9 percent with NLPQ.

Final analysis results of strength ratio and comparison with the initial ratios is shown in Table 19.
Percent difference with NEWSUM ranged from 2.6 percent reduction to 43.2 percent increase. The final
analysis from the NEWSUMT optimum design shows all strength ratio values to be in the feasible
domain, i.e., greater than or equal to 1.5 and less than, or equal to 3.0, which account for the safety factor.
The final analysis using the NLPQ optimum design however produced a slightly infeasible constraint,
namely constraint number 7. The strength ratio for constraint number 7, as shown in Table 19, was 1.387
for NLPQ which is less than the allowable of 1.5 but since the ratio is greater than 1.0, it passes the ply
failure TSAI-WU test criteria. This non feasibility is because NLPQ failed to converge at the maximum
allowable iterations.

Final analysis results for failure indices and strength ratio from both NEWSUMT and NLPQ
optimum designs are depicted in Figure 41. The final sandwich composite blade analysis does not exhibit
any ply failures since the maximum failure index is 0.479, which is less than 1.0, and the minimum
strength ratio over all 15 design groups is greater than 1.60 which takes into account the minimum safety
factor of 1.5.

TABLE 17.—FINAL ANALYSIS STATIC ANALYSIS RESULTS AND COMPARISON WITH INITIAL DESIGN

Initial Final analysis Final analysis Percent Percent
analysis NEWSUMT NLPQ difference difference
NEWSUMT NLPQ
Max principal stress, psi 117,943 108,510.9 106,406.4 —8.00 —9.78
Max shear stress, psi 59,768.47 54,255.52 53,205.51 -9.22 -10.98
Displacement, resultant, in. 9.38 8.39 8.51 —-10.55 -9.28
Displacement, z-direction, in. 1.4 1.26 1.28 -10.00 -8.57
Weight (Ib) 25.56 27.94 27.84 9.33 8.93
TABLE 18.—FINAL ANALYSIS RESULTS OF RADIAL DISPLACEMENTS
VALUES AND COMPARISON WITH INITIAL
Constraint number: Initial Final Final Percent Percent
tip node analysis analysis difference difference
NEWSUMT NLPQ NEWSUMT NLPQ
16:3225 —0.374 —0.334 —0.341 —10.569 -8.97
17:3276 0.549 0.491 0.498 —-10.589 -9.30
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Figure 39.—Final analysis of the composite blade results (a) Maximum
principal stress, (b) maximum shear stress.
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Figure 40.—Final analysis of the composite blade results (a) Displacement
resultant, (b) displacement in z-direction.




TABLE 19.—FINAL ANALYSIS RESULTS OF STRENGTH RATIO
VALUES AND COMPARISON WITH INITIAL

Constraint  |Initial strength| Final analysis | Final analysis Percent Percent
number ratio NEWSUMT NLPQ difference difference

NEWSUMT NLPQ

1 1.356 1.943 1.589 43.257 17.17

2 1.681 2.192 1.952 30.414 16.11

3 1.780 2.386 2.011 34.062 12.98

4 1.874 2.630 2.153 40.363 14.87

5 1.821 2.816 2.055 54.662 12.83

6 1.857 2.071 1.959 11.522 5.51

7 1.216 1.528 1.387 25.676 14.08

8 1.422 1.947 1.845 36.898 29.78

9 1.572 1.902 1.814 21.004 15.37

10 1.629 1.760 1.732 8.025 6.33

11 1.621 1.504 1.821 —7.242 12.32
12 1.766 1.720 1.792 —2.607 1.47
13 1.904 1.819 1.829 —4.468 -3.94
14 2.169 1.950 2.141 —10.090 -1.30
15 2.400 2.073 2.069 —13.623 —13.80
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Failure indices (FI) < 0.479 Strength Ratio (SR) > 1.60

Figure 41.—Final analysis: (a) Failure index and (b) strength ratio.

7.3 Final Dynamic Analysis Results

Dynamic analysis results of the final design of the sandwich composite blade were calculated using
MSC/Nastran SOL 103 analysis solver. Results for the first six natural modes from the MSC/Nastran
dynamic calculations and comparison with the initial frequency of the composite design are summarized
in Table 20. Both optimizers produced slightly higher frequencies than the initial design, but this is
expected since there was a small increase in the final weight.

Eigenvalue plots of the first six natural modes are depicted in Figures 42 and 43. As with the earlier
mode shapes modes (1%, 2™, 4™ and 6™ modes) are bending modes and modes (3™ and 5™) are torsion
modes.

NASA/TM—2012-217632 42



TABLE 20.—COMPARISON OF NATURAL FREQUENCIES (HZ) FOR THE INITIAL
AND THE FINAL COMPOSITE BLADE

Mode number Initial Final analysis Final analysis Percent Percent
frequency NEWSUMT NLPQ difference difference

NEWSUMT NLPQ

Mode 1 19.472 20.034 19.811 2.89 1.74

Mode 2 58.792 65.086 61.277 10.71 4.23

Mode 3 110.320 116.106 114.538 5.24 3.82

Mode 4 150.936 164.183 155.518 8.78 3.04

Mode 5 248.470 254.159 251.691 2.29 1.30

Mode 6 263.912 273.790 271.258 3.74 2.78

Default, Mode 1:Freq.=20.034, Eigenvectars, Translationa pegar Mode 2:Freq.=55 086, Eigenvectors, Translational, Default, Mode 3:Freq.=116.11, Eigenvectors, Translational

(a) Final Analysis (b) Final Analysis (c) Final Analysis
Mode 1: Frequency = 20.034 Hz Mode 2: Frequency = 65.086 Hz Mode 3: Frequency = 116.11 Hz

Figure 42.—Mode shapes for the final analysis of the composite blade (a) mode 1, (b) mode 2, (c) mode 3.

: Defanlt, Mode 4:Freq =164.18, Eigenvectors, Translational,  Default, Mode 5:Freq=254.16, Eigenvectors, Translational,  Default, Mode 6:Freq,=273.79, Eigenvectors, Translational,

@:9_1 _ #Ztm

(a) Final Analysis (b) Final Analysis (c) Final Analysis
Mode 4: Frequency = 164.18 Hz Mode 5: Frequency = 254.16 Hz Mode 6: Frequency = 273.79 Hz

Figure 43.—Mode shapes for the final analysis of the composite blade (a) mode 4, (b) mode 5, (c) mode 6.
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8.0 Conclusions

An optimized design for a turbofan engine blade sized for a large aircraft engine was developed from
a given baseline solid metallic model to a sandwich composite fan blade. The optimized composite blade
design meets the aerodynamic and geometric considerations throughout the design process while the
solution ensured that the final design was efficient and conformed to constraints imposed on radial
displacement limitations and ply failure. The result was a lighter blade design, with mass savings of
72 percent compared to the metallic blade, when the combined pressure and centrifugal loads were
considered. The maximum stresses and radial displacement for the final optimized composite blade were
at much higher values than the metallic blade but still within their allowable limits. It was shown that the
deformation behavior can be greatly influenced by the fiber orientation. It was also shown that the final
design did not exhibit any ply failures considering an additional safety factor of 1.5 in the design process.
Analyses and optimization was performed utilizing the OpenMDAO Framework, developed at NASA
Glenn Research Center, which allows flexibility in case any modifications are required. The study
performed in this paper highlights the continuing development of an optimization process for composite
material lay-ups. Further research and development will continue, considering the application of an
Integer programming algorithm to further refine the optimization process. Ply angle orientation may be
optimized in addition to, or instead of, ply thickness depending on manufacturing considerations.
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