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Predicted and Test Measured DLL strains

Strains in the longitudinal direction were measured during the test
using strain gages applied at the midspan of the center bay
panels. Gages were applied to the facesheet (point A), both webs
(points B and D), and hat crown (point C) at four different
stiffener locations. The first stiffener location was very close to the c

test edge and was highly effected by the close-out support fixture,

and for this reason is not considered. The other three hat stiffeners (numbered 10,
15, and 22) show reasonable strain data and are compared here to HyperSizer
predictions and predictions from reference 1.

Measured strains were linear all the way until failure. However, some strain values do
not fall within the ranges expected. For instance strain measurements for points B
and D should be the same since they are on either side of the hat webs, but they are
not. Since Kirchoff's plane-sections-remain-plane assumption applies, their strain
values should also be bounded by the strains of the facesheet (A) and hat crown (C),
and again they are not. These exceptions are suspected to be caused by variation in
the laminate thicknesses. Since the anomalies are small the test results are
considered valid. However, to account for these disparities, we have taken the data
reported from reference 1 and averaged it for the three stiffeners and present it here
for comparison purposes.

Test average 1920 (1.0)

2000 |- /A HyperSizer 1896 (0.988)
7N\ Reference 1] 1860 (0.969)
1600 |-
1200 L Test 2057 (1.0)
—— lestaverage .
2000 - “»—— HyperSizer 1958 (0.953)
800 | Afacesheet) /7"~ Reference [1] 1860 (0.904)
v 1600 -
400 L Strain gage location g 1200 |
g
0 ! ! ! ! ! = 800 |
20 40 60 80 100 v
Design Limit Load %
400 L Cihat crown)
p Strain gage location
HyperSizer analyses and measured 0 ! ! ! ! !
data both show that strain in the 20 40 60 SOI .190
hat crown is higher than strain in Design Limit Load %
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the facesheet. This result is expected by inspection of the deformation and computed
panel moments shown previously.

Determining these laminate strains with HyperSizer can be accomplished two ways.
The first way is to view the panel’s reference plane strains and curvatures displayed
by the GUI. With these reference plane values, the strains at any panel depth can be
quickly calculated. To obtain more detailed laminate strain data, including individual
ply strains in ply coordinates, you may view the generated ASCII file which is
accessible from the “Material Analysis and Detail” option of the Hyper Form.

We will step you through both methods at this time. First the loads that are coming
from the FEA need to be changed from the average value of Nx = 2000 (Ib/in) to the
Design Limit Load (DLL) of 1835. The easy way to do this is by changing the value of
the limit load and ultimate load by this ratio. Using component one (1).

1. Make both the ultimate and limit load factors to 1835/2000 = 0.9175.

2. Change the loading method to sigma=0 (a pure average of loads).

3. From the Options drop-down menu of the Sizing form, click on the “Generate
more detailed reports” option. This will cause the laminate strains to be printed.

4. Run the analysis for the component. (HyperSizer only generates this detailed
component information when an analysis is run for a single component)

PANEL REFERENCE PLANE STRAINS AND CURVATURES

The first way to determine laminate strains is to click on the Computed Properties
tab of the Sizing form and look at the Deflections. This is a list of X and Y strains
and curvatures for the current component.

Here we see the panel’s reference

CiEjermEifan plane g, = -1882 (u in/in). To get

Sirain = | ‘ |—1.881813E—03| strain at any panel depth, use the
equation
Strain ¥ | | [3.697201E-04 |
g = ¢ - x(h)
Curvatre X | | [-4.838025E-05|
where h is the Z distance between
Curvatre ¥ | ‘ |‘1-025?55E'05| the reference plane and the panel

depth location. Since the reference
plane is at 2 thickness of the facesheet laminate, the strain for the facesheet OML is
ex = (-1882) - [ (-48.4) * (1/2) * (.0936)] = -1880 (nin/in). The hat crown OML g, =
(-1882) - [ (-48.4) * ( (-1.7134) + (1/2) * (.0936)) ] = =1962 (nin/in).

Since two of the three stringers are in component two (2) and the other in
component one (1), there results are averaged for the line graphs shown previously.
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MATERIAL ANALYSIS AND DETAIL ASCII FILE OF DETAILED DATA

These same results are can also be obtained from a generated ASCII file. Select
“Material Analysis and Detail...” from the Options menu on the Sizing form. This will
pull up an editor from which you can search for the text ‘strain’. Look for Strain X of
the first ply of the facesheet and for the last ply of the crown, as shown here.

Facesheet top OML
StrainX StrainY StrainXY Strainl Strain2 Strainl2

-.18795E-02 .37020E-03 .15575E-04 -.74689E-03 -.76246E-03 .22498E-02

Crown bottom OML
StrainX StrainY StrainXY Strainl Strain2 Strainl2

-.19607E-02 .13686E-02 .78082E-05 -.29219E-03 -.30000E-03 .33293E-02
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Conclusions: Important observations about the test

correlation process

The general approach used by the aerospace industry is to build different FEMs of the
test article to capture different structural responses and potential failures. For this
test, at least four distinctive (non-HyperSizer related) FEMs were built, and a fifth
considered but not made due to excessive computational requirements.

Industry Approach

A model was built to predict stress failure of the panel and ringframe. A second
model was built that had 5 hat stiffeners that were the length of one panel bay to
predict instability interaction of the hats. A third model was built to predict panel
buckling. It was similar in appearance to the coarse FEM used by HyperSizer.
However, a major difference was that this FEM used beam elements for the hat
stringers, and as consequence did not correctly handle torsional rigidity of the closed
cells or the additional transverse bending stiffness due to the cells. Also, the stiffness
terms for the shell element material and property records did not include the effects
of the unsymmetric nature of the membrane/bending coupling of the hats, nor their
in-plane shear flows. Finally, because line beam elements were used the local
buckling facesheet span widths of the distance between hats was greater than the
actual design. For these reasons it was thought that another model would be
necessary which discretely modeled all 43 hats of the test article using shell elements
to accurately capture buckling. However this model was not made due to the
required high grid count.

HyperSizer Approach

Only one coarse FEM was required and made for computing running loads for all of
HyperSizer's failure predictions. The generalized stiffness terms of the 2D, planar
model included the facesheet and coresheet ply layups, and the beginning and
ending locations of the ply drop offs of the hat construction including the additional
plies placed in the hat crown. This same FEM was also used to verify HyperSizer’'s
panel buckling predictions using MSC/NASTRAN buckling solution. The explicit,
buckling predictions of HyperSizer includes unsymmetric and bending-twisting
stiffnesses and their couplings in both the stiffness formulations and eigenvalue
analyses, and as such overcome the shortcomings identified above with the other
FEM that used beam elements for the hat stringers.
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RLV Experimental Test Optimization

The previous sections have focused mainly on the detailed analysis and failure
prediction for the RLV experimental test article. In this section we will use
HyperSizer’s optimization capabilities to demonstrate how to improve on a previously
optimized design without a great deal of effort. The purpose is to not make a
definitive and comprehensive weight savings comparison. In fact, little effort went
into optimizing the panel. The example is presented simply for instruction purposes,
and yet a 10% weight reduction was achieved.

Primary Optimization Capabilities Addressed

The user will learn how to quickly take a location of a structure and perform detailed
optimization of its cross sectional dimensions, panel concept, family, layups, and
material.

Reusable Launch Vehicle Previous Optimization Efforts

A cost effective SSTO launch vehicle must employ the latest in technology
advancements to meet the weight, size, and payload launch goals. An assessment of
the impact of recent technology advancements on launch vehicle dry weight was
performed and the results of that study showed that the use of graphite-composites
as primary structure is essential for the development of a light-weight, cost effective
RLV. [1]

An extensive trade study was conducted to identify an optimum graphite-composite
structural intertank design for the RLV wing-body configuration selected for
evaluation by the Boeing North American/Northrop-Grumman industry team,
reference 2. The trade study focused on structural weight but also considered
producibility, durability, and inspectability. Various honeycomb sandwich and skin
stringer graphite-composite structural configurations were evaluated. Rib and spar
spacing were varied to obtain the best structural arrangement. Non-optimum factors
due to joints and cutouts were applied to the calculated weights to derive realistic
estimates for the intertank structural weight. Critical design loads were developed
from a simulated RLV flight envelope. The controlling design condition was
compression load parallel to the longitudinal axis of the intertank corresponding to
the maximum acceleration of the vehicle during ascent[1].

The trades study indicated that a graphite-composite hat-stiffened shell structure
with internal ring frames resulted in the lowest weight design for an RLV

intertank[2].

A full-scale segment of the prototype intertank design was selected as a test article
to validate the fabrication, design, and analysis methods for large light-weight
composite components . A cylindrical section of the hat-stiffened intertank shell
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including five [3 internal] frames was selected as the test component. An in-depth
analysis of this test article using HyperSizer is presented in the previous section.
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Optimizing a Local Structural Area

BEGIN WITH FEA COMPUTED INTERNAL LOADS

Internal panel loads computed using FEA will be used in the [Factors

optimization. The FEA computed loads correctly include the | RequiredMoS
effects of the ringframe pinching effect that causes a compressive
transverse load to occur on the panels. The critical area of the || Mechanical Limit

ﬂ

test article has been determined to be represented by component
4. Its loading profile will be used to represent the entire | mMechanica Utimate
structural design which is fabricated to be the same throughout. .1958

The first step is to identify the critical load. We saw from the RLV
analysis above that the lowest margin was 0.1958 for an average
applied longitudinal load of 2000 (lb/in). Therefore, we scale up | ermalkep
both the limit and ultimate FEA computed loads by this amount
by making the limit and ultimate load factor 1.1958 on the |giaxal Bucking Tension
Factors frame of the Design-To Loads Tab (the Component ||Field stiffering
Loading Method should be 1- Sigma). Tensie

5[!—‘
DQI

=

o

T

=

=

ﬂ

I

By doing this, when we rerun for component #4 of the as- | Compressive
fabricated design, the listed lowest margin should be very close
to zero, indicating that we have identified the combination of NX, | res statistical

Ny, and Nxy loading that causes failure. Look at the numbers | LoadingMethod
displayed in the bottom frame entitled Load Case Controlling |1-Sigma 'l
Factored listed for buckling. The numbers are approximately Nx
= -2388, Ny = -458, and Nxy = -20 for the membrane buckling forces and are
approximately Nx = -2399, Ny = -612, and Nxy = -32 for the membrane strength
forces.

I

Load Case Controlling Factored

I [y [y Il Iy [y (o) oy
Strength  |-2398.77 512,264 -31.7025 -582.718 -7.13993 -4.95242 -32.7133 F0.013173
Bucking  |-z3@s.17 -458.082 -20,1279 -568.839 -6.5769% -3.13355 -18.380% -7, 10553E-03

The listed moments include virtual moment and will be accounted for next. The
actual applied bending moments are small and to simplify the example, will be
ignored.

Identification of the failure membrane forces establishes the actual strength of the
as-fabricated, hat-stiffened panel design, and are now considered the ‘design-to’
loads. This allows us to look at other design possibilities in a fair ‘apples-to-apples’
comparison.

203



Wil&f®Prﬂ PRO USER’S MANUAL

USER DEFINED LOADS TO HANDLE VIRTUAL MOMENTS

Our next task is to account for the variation of virtual moments that occur as a
panel’s shape changes. The concept and importance of virtual moments is covered in
the RLV Experimental Test Analysis chapter.

Put the design-to loads identified above into the .

User Loads cells on the FBD tab of the Sizing After tgg’g;’:ig;'ds
form, change from FEA Loads to User Loads, and have been defined. set
change the limit and ultimate load factors to 1.0 the Limit and U/t/'n:late
on the Design-To Loads tab. The factors of Load Factors back to 1.0.
1.1958 that were previously entered are already
accounted for in the entered user loads.

 FEA Loads R 2% W= Ty 30y VI fex L M rexy Qx Q

~ User Loads Applied Unit Walue  |Load ~||Load = [[Load j Constrained j Constrained j Corstraned fLoad > |lLoad j
For Strength Analysis  [2398.77 12,264 31,7025 32,7133 ‘
For Bucking Analysis  [-2385.17 F458.082 -20.1279 18,3809 \

By doing this, as HyperSizer optimizes the panel’s shape, size, layup, etc. it will use
the user-defined applied moments, and not the FEA computed moments based on the
panel’s design at the previous FEM iteration. In this case we are specifying that the
panel curvature is zero by selecting “Constrained” for L, J,, and L,,. In essence,
this requires HyperSizer to automatically and internally determine and apply virtual
moments for every design permutation to cause the resulting panel curvatures to be
zero. This is the only true way to handle an applied, design-to moment. In this
manner, every candidate design will be analyzed to the same effective loading
environment, no matter how complex its orthotropic panel coupling or membrane-
bending coupling.

Optimizing Everything
OBJECTIVE FOR THE AS-FABRICATED DESIGN

Our approach to optimizing this as-fabricated design is to explore weight savings by
making the smallest design changes first. In this regard, the order in which we
proceed for this specific example is to look at the weight reduction possible if only the
cross sectional dimensions are changed. All other design choices remain the same
such as panel concept, layups, and material selection. Our next change is then
limited to the panel concept and panel family, still keeping the previously reported
layups and material selections the same. Next, we allow the optimization to change
the layups and then finally, the material selection will be changed.

Several of the designs below can be viewed in the “App RLV Test” project that is in
the shipped HyperSizer database. To retrieve one of these designs, open the c for
the “App RLV Test” project, and select Group Design | Retrieve Project Group
Design... from the Group dropdown menu. Then select one of the stored group
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designs from the list that pops up, and press the OK button. HyperSizer will warn
you that you are about to replace the existing design with a stored one. Press OK to
load the stored group over the one that is currently active. The sizing dimensions
and materials for the group are automatically changed. Press the “Size Component”
button to get the optimized weight.

CROSS SECTIONAL DIMENSIONS

The most simplistic optimization occurs when a single design variable is isolated for
refinement. Say the corrugation spacing or panel height. In this scenario, all other
design dimensions are fixed. The next step is to vary more than one sizing variable
concurrently. In many cases, this is necessary because in order to maintain a positive
margin, the reduced strength caused by one variable becoming smaller needs to be
balanced with another variable becoming larger. For instance, if the spacing between
stiffeners becomes larger (a lighter panel design) then the local buckling strength of
the facesheet may need to be increased by making the facesheet thickness greater
(2 heavier weight design). Finding the optimum tradeoffs are complex when many
dissimilar failure modes are considered, and especially complicated when many
variables are included concurrently, some of which represent cross sectional
dimensions, and others that represent material selection and panel concept.

The table below shows how the as-fabricated design can be made lighter simply by
changing the hat-shaped stiffened dimensions. Therefore, using the same as-
fabricated laminates and panel concept, the panel weight is reduced about 5.5%.
These dimensions are stored in the “"App RLV Test” project as a stored group with the
name, “"OP Optimize all dimensions, same layup and hat concept.”

Optimized panel dimensions with as-fabricated laminates and panel concept; Optimized
panel dimensions

Panel Unit Spacing Height Flange Flange Angle Clear

Concept weight Top Bottom Span
(psf) Width  Width

Hat- 1.093 5.90 1.7134 2.00 1.328 72.906 1.60

original

Hat 1.037 6.52 1.53 2.00%* .750 51.0 1.51

* In this case, and all other following cases presented later, the flange top width is
maintained at least 1” on each flange side to insure bonding integrity to the top
facesheet.

PANEL CONCEPT

A more advanced optimization is possible with HyperSizer that evaluates different
panel concepts on the fly. In this case the hat stiffened panel concept will be replaced
with a two-sheet corrugated panel concept.
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The panel concept optimization cannot be fairly done without allowing the cross
sectional dimensions to vary as well. Therefore as reported in the table below, the
cross-sectional dimensions are reported with the unit weight. The two-sheet
corrugated panel concept is not as light as the hat for this application. In fact, it is
heavier than the original hat design. These dimensions are stored in the “App RLV
Test” project as a stored group named, “OP Two sheet concept, All dimensions, Froze
material and layup.”

Optimizing panel concepts with as-fabricated laminates; Two-sheet stiffened panel

Panel Unit Spacing Height Flange Flange Angle Clear

Concept weight Top Bottom Span
(psf) Width  Width

Hat- 1.093 5.90 1.7134  2.00 1.328 72.906 1.60

original

Two-sheet  1.099 6.0 1.33 2.99 1.00 50.0 N/A

PANEL FAMILY

The two-sheet panel concept, which belongs to the same family as the hat concept,
was used above in the attempt to find a lighter weight panel design. Here we look at
the benefits possible by going to another panel family. Two concepts from the
uniaxial stiffened panel family will be used: the Zee and the I.

To switch to another panel family, the component needs to be first removed from its
current group membership, and then added to a group belonging to the new panel
family. Since we have saved the various sizing variables for each of our concepts
using the Saved Group Design feature, moving back and forth between families is
quite convenient. The process works like this:

1. For component #4, from the Group icon pull down menu, select the Group
Membership option (or Ctrl-M), hold the <Ctrl> key, and then unselect group 4
from the list.

2. In the Family dropdown box, select the Uniaxial Stiffened Panel Family.

3. From the Group icon pull down menu, select the Group Membership option, and
then select Component 4.

4. From the Group icon pull down menu, select the Load Group Design option, and
choose the name “Z opt with same laminates”

5. Press the “Size Component” button.
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Optimizing concepts with as-fabricated facesheet and coresheet laminates;
Uniaxial Stiffened Panels

Panel Unit Spacing Height Flange Flange Angl Clear

Concept weight Top Bottom e Span
(psf) Width  Width

Hat- 1.093 5.90 1.7134 2.00 1.328 72.90 1.60

original 6

Zee 1.158 3.00 2.16 1.50 0.680 0.00 1.50

I 1.151 3.50 2.20 2.00 0.760 0.00 1.50

Note: Panel concepts such as a Tee and blade are not possible with the as-fabricated
stiffener laminate since it is a hyperlaminate with ply drops. Uniaxial panel concepts
that have a bottom flange are required for this exercise.

Again we see that the hat panel concept is lighter than either the Zee or I.

LAYUPS

Our next optimization will be the facesheet layups. The hat-shaped stiffened panel is
used for all of these comparisons and the coresheet is kept constant with its original
laminate. The cross sectional dimensions however, are permitted to vary to best suit
each facesheet’s layup characteristics. These dimensions are stored in the “App RLV
Test” project as a stored group named, “New Design.”

Optimized panels using optimum layups for the facesheet

Panel Unit Spacing Height Flange Flange Angl Clear
Concept Weight Top Bottom e Span
(psf) Width  Width
Hat-original 1.093 5.90 1.7134 2.00 1.328 72.90 1.60
6
Optimum
layup 0.990 5.35 1.32 2.00 0.950 56.0 0.785

The as-fabricated, original facesheet was a 18 ply layup of
[45/-45/90/0/90/0/90/45/-45]s

The optimum layup for the facesheet is a 16 ply layup of
[45/-45/90/45/0/-45/0/0]s

MATERIAL SELECTION

Our final optimization is with the facesheet material. Again the hat-shaped stiffened
panel is used for all of these comparisons and the coresheet is kept constant with its
original laminate. The cross sectional dimensions are varied to best suit each
facesheet’s material characteristics. Optimizing with this alternate material does not
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reduce as much weight as the original material does, as known by comparing this
table result to the first table. hese dimensions are stored in the “App RLV Test”
project as a stored group named, “OP Optimize all dimensions, 2" Material, Same
layup and hat concept.”

Optimizing material selections with as-fabricated laminates

Panel Unit Spacing Height Flange Flange Angle Clear

Concept weight Top Bottom Span
(psf) Width  Width

Hat-original 1.093 5.90 1.7134 2.00 1.328 72.906 1.60

Alternate

ply material 1.045 6.64 1.47 2.00 .750 60.0 2.35

Original material = IM7/5250
Alternate material = IM7/977-2

Conclusions: Accuracy and Lighter weight structures

In this application we used HyperSizer to optimize a panel design that had already
been optimized by other procedures [1,2]. A systematic approach was used to
determine how the design could be made lighter. HyperSizer’s accurate analyses and
discrete optimization determined that the current design weight may be reduced by
9.5% by using a different layup and cross sectional dimensions for the hat-shaped
stiffened panel.

In this application, the variables are optimized independently of each other. The real
power of HyperSizer is optimizing them concurrently. For instance, many panel
concepts, such as the Zee, I, T, integral blade, can be turned on at the same time
and HyperSizer will determine which one gives the lightest design for the given
application.

The final step is to verify that the new design is sufficient for all of the components of
the test article. Do this by running the entire project with the new designed panel.
(The Save Group Design name is "New design”). Next use the new generalized panel
stiffness terms generated by HyperSizer for another FEA iteration. Then use the
updated element forces for another sizing with the limit and ultimate loads set to
1.1958 and the Component Loading Method set to (1) sigma. All of the margins-of-
safety should be positive and near zero.
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