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ABSTRACT

The current AMRL PAFEC and NASTRAN F-111C wing pivot fitting (WPF) finite
element (FE) models have been compared to assess their suitability for use in structural
integrity investigations, relating to elastic notch strain predictions, at the two critical
fuel flow vent holes (FFVHs). Here a comparison is made between the predicted
elastic strains and the measured strain data obtained from a full scale wing test. It was
found that the PAFEC model accurately predicts the strain distribution around
FFVH #13, however it incorrectly predicts significantly higher strains in FFVH #14 and
greater bending of the wing skin above FFVH #14. In contrast, the NASTRAN model
gives accurate results for the large stress gradient around both FFVH #13 & #14, and
upper plate bending, when higher order ‘p’ elements are used. Hence it is considered
that while FE analyses of FFVH #13 in the F-111 WPF can be accurately completed with
either the current PAFEC or NASTRAN model, only the latter is suitable at FFVH#14.
Hence the NASTRAN model is the recommended model for general elastic WPF
structral integrity assessments, and continued development where appropriate.
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Assessment of NASTRAN and PAFEC F-111
WPF FE Models for Elastic Notch Strain
Determination at FFVH #13 and FFVH #14

Executive Summary

AMRL has been investigating for some time fatigue cracking in the wing pivot fitting
(WPF) of the F-111C aircraft in service with the RAAF. The WFF contains a number of
"hot spots', such as some of the open fuel flow vent holes near the wing root, e.g. Fuel
Flow Vent Hole numbers 13 and 14 (FFVH #13, FFVH #14). Historically most effort
has been directed at FFVH #13, however recently there has been concern about
FFVH #14 as well. Continuing structural integrity assessments at these locations are in
progress, and here the use of Finite Element (FE) models plays an active role. Of
particular relevance is that previous stress analyses of FFVH #13, including rework
profile analysis, have been performed using a PAFEC FE model. While this PAFEC
model produces accurate strain results around FFVH #13, some doubts exist regarding
the accuracy of the strain predictions around FFVH #14. This is of particular interest
since it appears that FFVH #14 may be the next most critical fuel flow vent hole after
FFVH #13. Recently a significantly more enhanced NASTRAN 3D model has been
received by AMRL from the Original Equipment Manufacturer in support of our sole
operator status. The new NASTRAN model may potentially be more suitable than the
current PAFEC model for meeting our FE modelling requirements at locations such as
FFVH #14 and the wing pivot fitting in general. Hence a decision needs to be made
concerning whether the PAFEC model is adequate or warrants further development, or
whether effort needs to be directed solely at the new NASTRAN model.

In the present work the current AMRL PAFEC and NASTRAN F-111 WPF FE models
have been compared to assess their suitability for use in structural integrity
investigations, relating to elastic notch stress and strain predictions, at the two critical
fuel flow vent holes. Here a comparison is made between the predicted elastic strains
and measured strain data obtained from a full scale wing test. It was found that the
PAFEC model accurately predicts the strain distribution around FFVH #13, however it
incorrectly predicts significantly higher strains in FFVH #14 and greater bending of the
wing skin above FFVH #14. In contrast the NASTRAN model gives accurate results
for the large stress gradient around both FFVH #13 & #14, and upper plate bending,
when higher order ‘p’ elements are used.

It is recommended that only the NASTRAN model should be used for F-111C
FFVH #14 assessments. This model is also considered the preferred model for general
elastic WPF structral integrity assessments, and continued development where
necessary. The current version of the PAFEC model is only recommended for
assessments at FFVH #13.
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1. Introduction

For some time AMRL has been investigating fatigue cracking in the wing pivot fitting
(WPF) of the F-111C aircraft in service with the RAAF. The WPF contains a number of
"hot spots', such as some of the open fuel flow vent holes near the wing root, for
example, fuel flow vent hole number 13 and 14 (FFVH #13, FFVH #14). Figures 1, 2
and 3 show schematically, the locations of these fatigue critical components in the WPF
of the F-111. Historically most effort has been directed at FFVH #13, however recently
there has been concern about FFVH #14 as well. Cracking at these locations is
understood to be dependant upon loading under normal RAAF usage, and the residual
stresses from the Cold Proof Load Test (CPLT) [1]. The CPLT, performed periodically
on the F-111 airframe, subjects the structure to extreme conditions (-40°C) and limit
loading (-2.4g to +7.33g), which certifies that the airframe contains no flaws above a
certain size. During the CPLT, local compressive plastic deformation occurs at FFVH
#13 and #14, resulting in large tensile residual stresses at a particular position, on the
hole boundary. Fatigue cracking then occurs at these locations, when the effects of the
Jarge tensile residual stresses from the CPLT are compounded by the normal flight
loading.

Continuing structural integrity assessments at these locations are in progress, and these
are based on the use of finite element (FE) models and full scale fatigue tests. Here in
particular the FE approach can be used to: (i) determine and assess rework profiles which
remove cracks, while reducing the peak stress concentration [2, 3], (ii) perform non-linear
material analysis to determine detrimental residual stresses, (iii) provide other required
inputs necessary to undertake durability and damage tolerance assessments, including
crack growth models. Of particular relevance is that previously stress analyses of
FFVH #13, including rework profile analysis, have been performed using a PAFEC FE
model [4]. This PAFEC model was converted and developed from a NASTRAN data
deck supplied by the Original Equipment Manufacturer (OEM). An extensive
development phase of this model included refinement of the element mesh around
FFVH #13 and the development of a constitutive material model for plastic analysis. This
PAFEC model produces accurate strain results around FFVH #13.

However, some doubts exist regarding the accuracy of the strain predictions from the
PAFEC FE model for FFVH #14. This is of particular interest since it appears that
FFVH #14 may be the next most critical fuel flow vent hole, after FFVH #13. Recently a
significantly enhanced NASTRAN data deck has been received by AMRL from the OEM
[5], in support of our sole operator status. The new NASTRAN model, may prove to be
more suitable than the current PAFEC model for meeting our FE modelling
requirements, at locations such as FFVH #14, and the WPF in general. Hence a decision
needs to be made concerning whether the PAFEC model is adequate or warrants further
development, or should our effort be directed at the new NASTRAN model.

This technical report investigates and documents the capacity of either model to fulfil
AMRL FE analysis requirements around FFVH #13 and #14, for determining elastic
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strains. In particular, a comparison is made between the elastic strains each model
predicts, and where appropriate, with measured (elastic) strain data from a full scale
wing test. Here, localised regions around the two FFVHs and in the surrounding WPF
structure are considered. It should be noted that an accurate elastic model is also a key
requirement for potential elastic/ plastic analyses.

2. PAFEC Finite Element Model

The current AMRL PAFEC FE model, shown in Figure 4a, is a derivation of an original
General Dynamics (OEM) F-111 Stub Wing FE model, which was converted at AMRL

- from a NASTRAN data deck using the NAPEC code. A substructure model, of the
critical fatigue region around FFVH #13, that had previously been used by AMRL was
then incorporated into the above modified model to improve the accuracy of local stress
and strain predictions. Figure 5a shows the substructure region, which consists of
stiffener #3, the upper wing skin and chordwise stiffener between stiffeners #2 and #4. It
should be noted that this substructure model does not include the titanium shear web.
The current AMRL PAFEC model has also had further modifications to both the stub
wing and substructure regions. Comprehensive details regarding the development and
attributes of the various PAFEC models is given in Reference [4]. However, in the
following sections 2.1 and 2.2, a brief description is given of the most important
alterations to each of the three (3) models that have been used by AMRL in prior
analyses. These models are: (i) Original OEM stub wing NASTAN data deck and
Modified OEM PAFEC FE model, (ii) Combined OEM and AMRL PAFEC FE model, and
(iii) Current AMRL PAFEC FE model.

2.1 Previous PAFEC FE models

To meet AMRL requirements at the time, the original OEM stub wing NASTRAN data
deck, was altered considerably after being transformed to a PAFEC model (Modified
OEM PAFEC FE model). This original model used the following: 8 noded 3D elements in
the upper wing skin and the WPF hub, 4 noded 2D elements for the titanium shear web,
stiffeners and other wing skins, and 1D elements were used to enhance the stiffness were
applicable. Subsequent AMRL changes to the PAFEC conversion of the original model
included, changing the Young's modulus of Déac steel from 29000ksi to 30023ksi as well
as replacing some of the 2D plane stress/plane strain elements, around FFVH #13, with
semi-loof elements. Improvements in accuracy were also achieved by coupling the
freedoms between the 2D stiffener elements and the 3D wing skin elements and
modelling the bolts between the titanium shear web and the stiffener with repeated
freedoms. Investigations were also undertaken to assess the model’s sensitivity to
increasing mesh density around FFVH #13. The model geometry was also adapted to
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closely match particular features of the current (at that time) AMRL test article, in
particular for the shear web and stiffener around FFVH #13.

The combined OEM and AMRL PAEFC FE model joined a previously developed AMRL
PAFEC substructure model of the critical area around FFVH #13, with the modified OEM
stub wing model described above. This model uses the loads from the stub wing model
as boundary conditions for analysis of the substructure. This combined model was a
substantial improvement on the previous version, with improved load transfer through
the shear web/stiffener bolts, enhanced mesh refinement around FFVH #13 and
improvements to the overall stiffness in specific regions. Here also the order of the
elements, in the region in the vicinity of FFVH #13 was increased, with 2D elements
being changed from 4 nodes to 8 nodes and 3D elements from 8 nodes to 20 nodes.
Furthermore, significant effort was directed at overcoming the compatibility problems in
combining two separate models, including re-numbering of nodes and some re-meshing.

2.2 Current AMRL PAFEC FE Model

The development and implementation of an AMRL Déac non-linear constitutive material
model, along with the improvements listed above, allowed AMRL to extend the
capabilities of the PAFEC model further. Unfortunately, due to the computational size of
the model, relative to the computing hardware capability at the time, non-linear material
(ie. plastic) analysis of the combined OEM and AMRL PAFEC model could not be
completed. Hence to overcome this difficulty, and to improve model accuracy at specific
locations such as FFVH #13 (as compared to test results) further modification was
undertaken to achieve the Current AMRL PAFEC FE model [4]. Specific alterations
included aligning stiffener #3 in the X-Y plane as well as increasing the thickness of
stiffener #3 gradually towards the upper plate interface around FFVH #13.
Improvements were also achieved by modifying the shape of FFVH #13 and increasing
the mesh density both around FFVH #13 and in the nearby wing skin.

The most recent (1999) version of the current PAFEC FE full wing model,
FULLWINGBBEC, consists of the WPF, the wing sweep actuator structure, the wing pivot
hub and approximately 2.3m of the outboard wing assembly and is shown in Figure 4a.
Figure 5a shows the smaller substructure model, BASEE, of stiffener #3, and a portion of
the upper wing skin and hub. A brief summary of the main attributes of these models is
given in Table 1, 2 and 3. Typically for iterative plasticity analyses, the sub-model is
firstly treated as a part of the ‘full’ model, and displacements are extracted from the full
model results, once the overall elastic analysis is completed. These are then applied to
the sub-model as 'prescribed displacements', at the sub-model boundaries and at bolt
locations, for subsequent iterations. The highly refined mesh region around FFVH #13
and #14 is shown in Figure 6. Here the shape of FFVH #13 is a representation of the
actual test article profile. The upper plates and hub of the WPF are modelled with 3D
elements, while 2D elements are used to represent the lower plates and stiffeners. It

1“Full’ in this context means the complete PAFEC FE model, not the entire wing.
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should be noted that the WPF is almost entirely all composed of Déac steel, with the
exception of the titanium shear web. The outer wing is principally modelled with 2D
elements of aluminium alloy, where 1D beam elements are used to modify the stiffness.
Previously, correlation factors [6] have been determined by comparing the strain results
from a wing test strain survey, conducted at AMRL, with the finite element predictions.

The loading applied to the FE model corresponds to the maximum and minimum load
applied during the CPLT (+7.33g and -2.4g). It was determined so that the wing root
bending moment and shear force are equivalent to the CPLT. Figure 4b and Figure 5b
show the loads and prescribed displacements applied to the full and sub-structure model
respectively. It should be noted that the sub-modelling method is relatively complex and
requires careful control of the substructure boundary nodes and associated
displacements due to its semi-automated analysis procedure. To undertake the analyses,
the model is processed on a Hewlett Packard series 9000 computer at AMRL, while

" post-processing is performed in PIGS (PAFEC Interactive Graphic) and PUPPIES (PAFEC
User Pre and Post Program for the Interactive Evaluation of Structures).

Table 1: Features of the current PAFEC substructure and full wing FE models

Feature Number in Number in
substructure full wing model
model

elements - total 2877 6290

-3D 1050 1770
-2D 1827 4094
, -1D 0 426

nodes (structural) 10169 13496

degrees of freedom 37727 48426

material types 1 3

Table 2: Element types used in the current PAFCEC substructure and full wing FE models

Model structure region (both sub and full) Principle element type

wing pivot fitting  upper plate 20 noded 3D isoparametric bricks
lower plate and stiffeners 4 noded 2D facet thin shells
stiffener #3 only 8 noded 2D semi-loof curved shells
chordwise stiffener 8 noded 2D semi-loof curved shells
shear web 4 noded 2D facet thin shells
hub 20 noded 3D isoparametric bricks

outer wing stiffeners and plates 4 noded 2D isoparametric plane

stress/strain curvilinear quads

additional stiffness 2 noded 1D beams




DSTO-TR-0949

Table 3: Properties of materials used in the current PAFEC FE substructure and full wing models

Material Principleuse ~ Young's modulus Poisson's ratio
E (ksi) v

Déac WPE 30,023 0.32

Aluminium alloy outer wing 10,700 0.33

Titanium alloy shear web 16,400 0.31

3. AMRL NASTRAN Finite Element Model

Recently a new large scale NASTRAN WPF FE model has been provided to AMRL, by
the RAAF and the OEM, for use in support of Australia’s sole operator status for the
F-111 aircraft. While this is a large scale and complex model developed by the OEM,
considerable work at AMRL has been undertaken to improve the model, particularly in
relation to further improving the accuracy of peak notch stress predictions at various
critical locations in the WPF [5]. The model is shown in Figure 7a. There are essentially
two versions of this current NASTRAN model; (i) a standard model using 'h' elements
and (ii) enhanced model, identical to the standard model except for the use of 'p' or
higher order polynomial elements in selected regions. For example at locations having
large stress gradients, such as FEVH#13 and #14. In the following sections 3.1 and 3.2 a
brief description is given of the most important alterations and features of the AMRL
NASTRAN model.

3.1 AMRL Development of the OEM NASTRAN FE Model

The current (1999) AMRL NASTRAN FE models have had the forces and moments
adjusted to accurately represent the most recent AMRL test article. Here the loading
applied in the original FE model to represent the weight of the wing was removed, which
enabled the model to mimic the strain gauge response during a typical CPLT, (the gauges
are zeroed when the wing is unloaded). As was the case for the PAFEC model, the
FFVH #13 shape has been changed to reflect the current test article geometry. Some more
recent alterations include the re-modelling of the stiffener #3/Titanium shear web bolts,
and considerable refinement of the mesh at the known critical fatigue locations, ie.
FFVH #13 and SRO #2. Note that the use of 'p' or higher order elements in the enhanced
model, around FFVH #13 and #14 allowed further increases in the accuracy of stress
predictions.

3.2 Features of the Current NASTRAN Model

Both the standard and enhanced NASTRAN models, namely files REV1e and REVIe.pl
respectively, include a detailed 3D mesh of the WPF, the wing pivot hub, with a portion
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of outboard wing structure, as shown in Figure 7a. In Figures 8 and 9, more detail of the
finite element mesh for stiffener #3 and around FFVH #13 and #14 is given respectively.
The loading applied to the FE model corresponds to the maximum and minimum applied
load during the CPLT (+7.33g and -2.4g). It was determined so that the wing root
bending moment and shear force are equivalent to the CPLT. Here one single load at the
position of one inboard test actuator is applied, along with a combination of bending
moment, shear force and torsional load acting at the outermost position on the wing
geometric centre (to represent the combined loading of the remaining test actuators).
This loading is shown in Figure 7b. A brief summary of the main attributes of the
standard NASTRAN model is given in Table 4, 5 and 6. The enhanced NASTRAN model
is almost identical to the standard model except in the vicinity of FFVH #13 and #14
where standard 'h' elements have been replaced by the higher order 'p' elements, as
shown in Figure 10. It is envisaged that if non-linear material analyses of this model are
required, then these 'p' elements will be replaced with an even more dense 'h' element
mesh, and solved using the ABAQUS code. To undertake the analyses, the model can be
processed on one of two computers available to AED users. For example, the Silicon
Graphics IR 10000 machine can process this model in less than half an hour, while several
hours are needed to process the elastic model on the AED HP 9000 machine. All pre and
post processing is performed using the PATRAN code on the AED HP 9000 machine.

Table 4: Features of the current NASTRAN FE model

Feature Number in model
elements - total 44169

-3D 38575

-2D 4731

-1D 843
nodes 66581
degrees of freedom 200000+
materials 43
multiple point constraints 65

Table 5: Element types used in the current NASTRAN FE model

Model structure region Principle element type

wing pivot fitting upper plate 8 noded 3D isotropic bricks
lower plate and stiffeners 8 noded 3D isotropic bricks
stiffener #3 only 8 noded 3D isotropic bricks
chordwise stiffener 8 noded 3D isotropic bricks
shear web 8 noded 3D isotropic bricks
hub 8 noded 3D isotropic bricks
boron doublers 4 noded 2D anisotropic plates

outer wing stiffeners and plates 8 noded 3D isotropic bricks
additional stiffness 2 noded beams
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Table 6: Properties of materials used in the current NASTRAN FE model

Material Principle use Young's modulus  Poisson's ratio
E (ksi) v

Déac WPF 30,000 0.32

Aluminium alloy  outer wing skins 10,500 0.33

Titanium alloy shear web 16,000 0.32

Composite boron doublers  defined stiffness matrix

4. Comparison with Experimental Data for Strains in
the Vicinity of FFVH#13 and #14

One way of assessing the quality of a typical FE model is to compare strain predictions to
appropriate test data. Since 1990 a number of strain surveys of the F-111 WPF have been
performed [8-15], including a full aircraft CPLT and several full wing strain surveys
conducted at AMRL. In prior work, the most recent strain data, from the AMRL static
test of an ex-USAF starboard wing, was processed to provide elastic? results, where the
method used is given in Reference 7. Figure 11 shows the locations at which this strain
data was measured during the test around FFVH #13 and #14. Hence in this section the
accuracy of the two FE models is assessed by comparison with the test data. The
following four regions will be discussed, as shown schematically in Figure 11: (i) strip
strain gauges around FFVH #13 perimeter which measure the strains around upper
outboard and lower inboard corners, which include the locations of peak compressive
strain during the maximum CPLT load, (ii) strip strain gauges around FFVH #14
perimeter which measure the strains around upper outboard and lower inboard corners
which include the locations of peak compressive strain during the maximum CPLT load,
(iii) rosette strain gauges mounted on the forward and aft face of stiffener #3, below
FFVH #13 and #14, will give an indication of the load flow and the direction of the
principle strains, and (iv) single strain gauges mounted on and under the upper wing
skin above FFVH #13 and #14, which will indicate the magnitude of the wing skin
secondary bending above the FFVHs. In Table 7 the test gauge number and the closest
corresponding FE node number, (where applicable) from each of the models are given.

2 Linear portion of the incremental test data was extrapolated to the full 100% load
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Table 7: Test strain gauges and corresponding nodes in both the PAFEC and NASTRAN FE

models ‘
Gauge position and description Gauge
(as shown in Figure 11) number Node number
PAFEC model | NASTRAN model
standard
1 Strain rosette on stiffener #3 80/84 7487
under FFVH #14 (aft/fwd) (top/bottom) | 58103/58106
2  Strain rosette on stiffener #3
79/83 7365
between FFVH #14 and #13 () (top/bottom) 63379/63424
3 Strain rosette on stiffener #3 78/82 7333
under FFVH #13 (aftffwd) (top/bottom) | 64001/65515
4  Strain rosette on stiffener #3 77/81 7205
inboard of FFVH #13 (llﬂ/ﬁl] d) ( top/bottom) 64071 / 65589
5  Strip (5) strain gauge in lower ) T
inboard corner of FEVH #13 72 N/A*® N/A*
6  Strip (5) strain gauge in upper
outboard corner of FFVH #13 73 N/A* N/A*
7  Strip (5) strain gauge in lower
inboard corner of FFVH #14 75 N/A*  N/A*
8 Strip (5) strain gauge in upper
outboard corner of FEVH #14 76 N/A* N/A®
9 Single gauge on upper plate | [ [ T
above FFVH #14 39 6641 58370
10 Single gauge under upper plate
above FFVH #14 74 6396 58375
11 Sin'éle gauge on upper plate
above FFVH #13 38 6461 36797
12 Single gauge under upper plate
above FFVH #13 71 6397 63804 and 63803

* strip strain gauges do not coincide with one particular node

41 Strain Distribution Around FFVH #13

In previous work a family of FFVH #13 rework profiles was determined by AMRL. Here
the aim was to obtain rework shapes which remove cracked material and reduce the peak
hole stress concentration due to in-service loading, thus reducing the likelihood of further
fatigue cracking. The FFVH #13 profile used in the present investigation is known as
‘baseline’ or ‘standard’ profile, determined from the RAAF fleet of F-111 FFVH #13
profiles that have not been reworked, but differ from the blueprint profile due to the
confidence cutting and other inspection procedures. Both the NASTRAN and the PAFEC
FE models have profiles that are similar to the test articles ‘baseline’ profile. Figure 12
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and Figure 13 show the profiles from both models around FFVH #13 and #14. As can be
seen in Figure 12, the profile of FFVH #13 in the PAFEC model is different from both the
test article and NASTRAN profile, and this was assumed to be due to inaccurate
measurements of the cast made of the FFVH. The non-zero elastic principle strain or
‘hoop strain’ results, during maximum positive CPLT loading, around the perimeter of
FFVH #13 are presented in Figure 14. The peak hoop strains around FFVH #13 are
presented below in Table 8, for both the upper outboard and lower inboard corners,
noting that service experience indicates that cracking occurs usually at the lower inboard

corner.

Table 8: Peak hoop strain (gg) around FFVH #13 at maximum CPLT load

FFVH #13 peak strain (u€)
Location Elastic test PAFEC NASTRAN results
results results®
standard enhanced
Lower inboard corner -20147 -19984 -11730 -17316
Upper outboard corner -12683 -14437 -6665 -11583

The PAFEC model accurately estimates the peak strains, in particular the large (greater
than material yield in a plastic analysis) strains that occur in the upper outboard and
lower inboard corners of FFVH #13. The precision of the PAFEC model around
FFVH #13 has been validated previously through a rigorous calibration and correlation
procedure [4]. The PAFEC FE results presented in Figure 14 and Table 8 have been
multiplied by the recommended correlation factor [6]. The results from elastic analysis of
both the standard and enhanced NASTRAN models show a similar trend around the
perimeter of FFVH #13, with peaks at the corners. However, the standard NASTRAN
model peak strain magnitude is significantly less than peak linear elastic response
predicted from the test data. This is principally due to the coarse mesh around
FEVH #13, where the large strain gradient cannot be captured with relatively large linear
elements. The polynomial or 'p' elements used in the enhanced NASTRAN model
(Figure 10) overcome the limitation of the standard NASTRAN model and bring a
marked improvement to the peak strain results at the FFVH corners.

4.2 Strain Distribution Around FFVH #14

Recently concern has been expressed about the stress concentration at FFVH #14, due to
the occurrence of a single crack, at this location, in one of the RAAF's F-111s [16]. The
causes of any fatigue cracking in FFVH #14 are thought to be similar to those which cause
cracking in FFVH #13; that is, the large residual tensile stress caused by the CPLT

3 Multiplied by the correlation factor, 1.059 [6].
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coupled with the flight loading at a hole which acts as a stress concentrator. It should be
noted that any further work on developing and assessing a rework profile for FFVH #14,
(similar to that previously completed for FFVH #13), will require a FE model that can
accurately predict both the peak strains and the large strain gradients around this hole.
The non-zero elastic principle strain or ‘hoop strain’ results, during maximum positive
CPLT loading, around the perimeter of FFVH #14 are presented in Figure 15. The peak
hoop strains around FFVH #14 are presented below in Table 9, for both the upper
outboard and lower inboard corners, noting that the most recent cracking occurred in the
lower inboard corner.

Table 9: Peak hoop strain (&g) around FFVH #14 at maximum CPLT load

FFVH #14 peak strain (pe)
Location Elastic test PAFEC ' NASTRAN results
results resultst
standard enhanced
Lower inboard corner -12846 -16479 -9221 -13442
Upper outboard corner -9777 -17799 -6356 -10724

It is clear that the predicted elastic PAFEC model peak strains are significantly larger
than the test values or the NASTRAN peak strain predictions. This lack of precision of
the PAFEC model around FFVH #14 could be due to boundary conditions, or the use of
2D elements in a 3D stress field. Some minor improvement may be possible for the upper
outboard corner, by increasing the thickness of the stiffener elements towards the upper
plate to represent the local shape more accurately, (this was done for FFVH #13 region in
prior work). However this change would have negligible effect for the lower inboard
corner. The results from the elastic analysis of both the standard and enhanced
NASTRAN versions, show a similar strain trend around the perimeter of FFVH #14, with
peaks in the corners. As was the case for FFVH #13, the standard NASTRAN model peak
strain is significantly less than peak linear elastic response predicted from the test data.
Again, the limitation of the standard NASTRAN model is overcome by increasing the
element order around the perimeter of FFVH #14, in the enhanced model. This provides
results in good agreement with the test data.

4.3 Strains in Stiffener #3 Below FEVH #13 and #14

The magnitude and the direction of the principle strains in the stiffener around FFVH #13
and #14 will give a general indication of the load flow, and local boundary conditions to
this region. Hence it was decided to compare the FE strains to the experimental results.
Here the Stiffener #3 strains below FFVH #13 and #14, refer to the four positions ©,,®,

+ Multiplied by the correlation factor, 1.059 [6].
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and @, shown in Figure 11, on both the forward and aft face of the stiffener. PAFEC and
NASTRAN FE model results were found for the closest appropriate node to the position
of these gauges, as listed in Table 7. Figure 16 and 17 show the horizontal and vertical
strains in stiffener #3 below the FFVH #13 and #14 at maximum CPLT load respectively.
It can be seen that the PAFEC model, which uses 2D plate elements to model the stiffener,
made reasonable estimates of the strains, both on the forward and aft face. The dominant
principal stress axis is oriented approximately 16° from the horizontal, so the horizontal
strains are significantly larger than the vertical strains, and for convenience these
horizontal strains are listed in Table 10. Overall, the NASTRAN model predicts the
horizontal and vertical stiffener strains very well, including the trend along the stiffener.
It is worth noting that there is very little difference between the standard and enhanced
NASTRAN model results, at this location, so only one set of data is presented here.

Table 10: Horizontal strain (&) in stiffener #3 at maximum CPLT load

Stiffener strain (pe)
Gauge locations Elastic test results PAFEC results® Standard
NASTRANS results
(see Figure 11) Forward Aft face Forward Aftface  Forward Aft face
face face face

@ Under FFVH #14 -2878 -3699  -3605 -3052 -2503 -3453

@ Between FFVH #14 & #13  -3429 -2765 -3502 -3434 -3393 -3052

® Under FFVH #13 -4762 -3659  -4181 -4044 -4492 -3767

@ Inboard of FFVH #13 -3318 -4013  -4001 -3971 -3789 -3970

4.4 Strains in the Upper Plate Above FFVH #13 and #14

The upper wing skin strain, directly above the FFVHs, will give a general indication of
the local load path and define the magnitude of the local wing skin secondary bending.
The secondary bending of the upper plate, directly above FFVH #13 and #14 is of
particular interest due to the disparity in the PAFEC and NASTRAN model strain
distributions around FFVH #14, as discussed in Section 4.2. Relative strains were
determined from the single gauges (or FE nodes) ‘on top’ and “underneath’ the upper
plate, above FFVH #13 and #14, as illustrated in Figure 11. Table 11 shows a summary of
these relative strains ratios. It can be seen that the PAFEC results show some disparity
against the test results, indicating significantly larger bending in the plate above
FFVH #14. This could be the cause of the large strains in the PAFEC model results
around the FFVH #14, particularly in the upper outboard corner. Here the simplified
plate modelling of the stiffener with 2D plate elements or incorrect boundary conditions

s Multiplied by the correlation factor, 1.059 [5].
6 Standard and enhanced model results are approximately the same, only one set of data presented

here.
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could be the cause of this discrepancy. The elastic NASTRAN model strain ratios are a
very close match to the elastic test data results. This is very promising and indicates that
the model overall has enough detail and mesh density to model the secondary plate
bending accurately. There is very little difference between the standard and enhanced
NASTRAN model results, so only one set of data is presented here.

Table 11: Relative horizontal strains (/&) in upper plate at maximum CPLT load

Relative strain magnitude
Definition of gauge Elastic test PAFEC Standard
locations on plate results results NASTRAN

results?

on top near FFVH #13 ‘
underneath near FEVH #13  0-89% 0.8753 0.9442
on top near FFVH #14
underneath near FFVH #14 0.7117 1.0085 0.7636
on top near FFVH #13
on top near FEVH #14 1.0754 0.9362 1.0979
underneath near FFVH #13
underneath near FFVH #14 0.8904 1.0787 0.8880

5. FE Strain Responses Around Stiffener #3

Due to the FFVH#14 strain inconsistencies noted in the previous sections, it was decided
to investigate a region more remote of the FFVHs but within the substructure region of
the PAFEC model. While the differences between the PAFEC and NASTRAN FE models
could possibly be explained by their differences in geometry and modelling techniques, it
was subsequently decided to also investigate whether the differences were due to the
loading conditions. As discussed in Sections 2 and 3 earlier, the boundary conditions to
the PAFEC sub-model, are applied as prescribed displacements from the ‘full’ wing
model, while the NASTRAN loads are applied as a bending moment, shear force and
actuator load combination. There is considerable room for error if incorrect boundary
conditions are used. Figure 18 and 19 show the locations on the WPF from which FE
results were extracted from both models to make a comparison, namely: (i) stiffener #3
inboard and outboard of the chordwise stiffener, and (ii) the upper plate forward and aft
of stiffener #3. It should be noted that no test results were available for these regions.

7 Standard and enhanced model results are approximately the same, only one set of data presented
here.
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Again there is very little difference between the standard and enhanced NASTRAN
model results, so only one set of data is presented here.

5.1 Stiffener #3

Horizontal strains in the stiffener, at maximum CPLT load, from both the PAFEC and
NASTRAN FE models inboard of FFVH #13, are given in Figure 20. Here the position
y=0 on the graph coincides with the top of the stiffener, at the inner surface of the upper
plate. At this location the PAFEC model predicts a lower absolute magnitude of
horizontal strain than the NASTRAN model. At the bottom of the stiffener, where the
titanium shear web bolts to the stiffener, this trend is reversed, with the NASTRAN strain
results having a lower magnitude than the PAFEC results. There is also a noticeable
difference in trend through the stiffener. The PAFEC model predicts that the magnitude
of the horizontal strains will be approximately the same along the stiffener height. The
NASTRAN model shows that the horizontal strains are much larger at the top of the
stiffener (towards the plate), with an almost linear decrease in magnitude towards the
lower edge of the stiffener (towards the web bolts).

Figure 21 shows the horizontal strains from both the PAFEC and NASTRAN FE models
at the position outboard of FFVH #14 and the chordwise stiffener. Unfortunately the
mesh density is low in this region, and this is reflected in the results. For both the
NASTRAN and PAFEC FE models, the stiffener strains through the plate have similar
magnitudes, with the horizontal strain at the top of the plate being of a higher magnitude
than that at the bottom of the plate, but the overall trend of the two models is
considerably different. In Figure 20 and 21, the variation through the thickness of the
stiffener is also significant at some positions. The overall discrepancies between the two
models could be due to the different modelling techniques, PAFEC has 8 noded 2D plate
elements, and the NASTRAN model has 8 noded 3D elements. The disparity in stiffener
strains results from the two models indicates that there are differences in the stiffener
bending, again this could be due to the differences in geometry, or in the boundary
conditions, for example load transfer at the bolt locations. As a further comparison,
Figure 22 and 23 show contour plots of the horizontal strain predictions for both models.
The contour plots are relatively similar, showing the regions of high strain at the bolts
and around the FFVHs.

5.2 Upper Plate

Unaveraged (through-thickness) strains for the upper plate above stiffeners #2 and #4 are
given in Figure 24 and 25 respectively. Here the far right side of the graph corresponds
to the inboard position, on the wing pivot hub. There appears to be very little difference
in the NASTRAN and PAFEC models’ strain results in the upper plate along stiffeners #2
and #4. At the inboard edge (far right of graph) there is a small difference between the
elastic strains in the upper plate along stiffener #2 in the xx (inboard/outboard) and zz
(fwd/aft) directions. This difference could be due to the discrepancies in alignment of

13
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the FE models in its local axis system. Figure 26 and 27 show the averaged (through the
thickness) strains along upper plate between stiffeners #2 and #3 and between stiffeners
#3 and #4 respectively. Again, the far right side of the graph corresponds to the inboard
position, on the wing pivot hub. As was the case with the two previous figures, there is
little difference in the upper plate strains, spanwise along the model, between stiffeners
#2, #3 and #4. Only between stiffeners #2 and #3 are there any notable but small
differences between strain results from the PAFEC and NASTRAN results, where the
PAFEC strain magnitudes in the xx direction near the hub are slightly lower than those in
the NASTRAN results.

The predicted elastic average strains, along the upper plate parallel and outboard of the
chordwise stiffener, are given in Figure 28. There is very little difference between the
strain results from the two FE models, but these results are limited by the relatively
coarse mesh in this region. Figure 29 shows the unaveraged upper plate strains along
stiffener #3 from both the PAFEC and NASTRAN FE models. In these results there are a
significant difference, in particular the strain in the zz direction (forward/aft). The
PAFEC strains in the region around FFVH #13 and #14 show a very different trend from
the NASTRAN results. The PAFEC strains immediately outboard of FFVH #14 are
greater than the NASTRAN strains, while just inboard of the hole they are less. This
trend is repeated around FFVH #13. Contour plots of transverse strain (forward/aft) in
the upper plate from the PAFEC and NASTRAN FE models are given in Figure 30 and 31
respectively. Again in the contour plots the variation of strain around the FFVHs is
noticeably different, with the PAFEC model displaying large values around the inboard
corners and smaller values around the outboard corners.

6. Conclusions

An appraisal of the current AMRL PAFEC and NASTRAN F-111 WPF FE models was
required to assess their suitability for use in structural integrity investigations, relating to
elastic notch stress and strain predictions. This includes the possible future development
of optimal rework shapes to minimise peak notch stresses. Hence in the present work, a
comparison between these model predictions and experimental strain data has been
undertaken, focussing primarily on the region in the vicinity of FFVH #13 and #14. The
following specific points can be made:

1. The PAFEC model accurately predicts the strain distribution around FFVH #13, which
indicates its suitability for use in future applications relating to FFVH #13.

2. The PAFEC model incorrectly predicts significantly higher strains in FFVH #14 and
greater bending of the wing skin above FFVH #14, making it at present unsuitable for
use in further FFVH #14 analyses. The reason for this discrepancy is not clear,
however, it may be due to the use of essentially 2D elements in a 3D stress field.
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3. The NASTRAN model gives accurate results for the large stress gradient around
FFVH #13 and #14, when higher order ‘p’ elements are used. It is clear that these
elements also provide a powerful indicator for defining the extent to which the model
can be improved by remeshing alone.

4. The NASTRAN model accurately predicts the upper plate bending near FFVH #13
and #14.

5. Comparison of the PAFEC and NASTRAN strain predictions for stiffener #3, but
removed from FFVH #13 and #14 indicates significant differences. This may be due to
differences in model geometry, or due to the boundary conditions on the stiffener, (i
loads transferred through the bolts).

6. Overall, it is recommended that further FE analyses of FFVH #13 in the F-111 WPF can
be accurately completed with the current PAFEC or NASTRAN model, However only
the NASTRAN model is suitable at FFVH#14, and it is the recommended model for
general elastic structral integrity assessments, and continued development where

appropriate.
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Figure 1: Overview of the F-111 aircraft showing location of the WPF
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Figure 3: Section view of WPF along stiffener #3 (showing location of FFVH #13 and #14)

19




DSTO-TR-0949

Figure 4a: PAFEC FE model of F-111 WPF
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Figure 4b: Maximum applied load (at 7.33g) to full WPF PAFEC FE model
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Figure 5a: Substructure PAFEC FE model

Figure 5b: Maximum applied displacements (at 7.33g) to substructure PAFEC FE model
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Figure 6: FFVH #13 & FFVH #14 finite element mesh details in PAFEC model
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Figure 7a: NASTRAN FE model of F-111 WPF

Figure 7b: Maximum applied load (at 7.33g) to NASTRAN FE model
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Figure 10: NASTRAN enhanced model element types
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(i) General arrangement of strain gauges positions (1-12)

outboard

2 ®

stiffener #3

7. /);

inboard

v

(ii) Location of rosette strain gauges

Ke /
// /.

Le L 7
.
FFVH#M- FFVH#].
© @@
& @° ©

chordwise stiffener

y

(iv) Location of single strain gauges

Gauge number x (mm) y (mm) Gauge position
(aft face/fwd face)
80/84 50 37 1
79/83 89 35 2
78/82 126 28 3
77/81 166 22 4
(iii) Location of strip strain gauges
approximate positions of individual gauges in strip :

Gauge  Approximate position Gauge
upper outboard ' strip f’f 5 ind.ividual gauges position
gauge number in the strip, 6 (degrees)

// . 6 \ 72 335, 340, 345, 351, 356 5
. - - - - 73 155, 160, 165, 171, 176 6
\ // 75 335,340, 345,351,356 7
: lower 76 155, 160, 165,171,176 8
inboard gauge

Gauge number

Location

Gauge position

39
74
- 38
71

outside upper plate, above FEVH #14 9

inside upper plate, above FFVH #14 10
outside upper plate, above FFVH #13 11
inside upper plate, above FFVH #13 12

Figure 11: Location of strain gauges in the vicinity of FFVH #13 & #14
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Figure 13: NASTRAN and PAFEC FE model FFVH #14 profiles
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Figure 14: Comparison of hoop strain around FFVH #13 boundary at maximum CPLT load
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Figure 15: Comparison of hoop strain around FFVH #14 boundary at maximum CPLT load
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Gauge position on forward face Gauge position on aft face
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%
w
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-6000

Figure 16: Comparison of horizontal strain in stiffener #3 at maximum CPLT load
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Figure 17: Comparison of vertical strain in stiffener #3 at maximum CPLT load .
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Figure 19: Locations in upper plate for further detailed comparisons
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Figure 20: Comparison of horizontal strain in stiffener #3 inboard of FFVH #13 at maximum
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Figure 21: Comparison of horizontal strain in stiffener #3 outboard of FFVH #14 at maximum
CPLT load
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microstrain

Figure 22: Contour plot of horizontal strain (sxx) in stiffener #3 of PAFEC FE model at
maximum CPLT load

Figure 23: Contour plot of horizontal strain (exx) in stiffener #3 of NASTRAN FE model at
maximum CPLT load
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Figure 25: Unaveraged nodal strains in upper plate above stiffener #4 at maximum CPLT load
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Figure 26: Averaged nodal strains in upper plate between stiffener #2 and stiffener #3 at
maximum CPLT load
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Figure 27: Averaged nodal strains in upper plate between stiffener #3 and stiffener #4 at
maximum CPLT load
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Figure 28: Averaged nodal strains in upper plate outboard of FFVH #13 at maximum CPLT load
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Figure 29: Averaged nodal strains in upper plate above stiffener #3 at maximum CPLT load
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Figure 30: Contour plot of transverse strain (¢zz) in upper plate of PAFEC FE model at maximum
CPLT load

z

Figure 31: Contour plot of transverse strain (szz) in upper plate of NASTRAN FE model at
maximum CPLT load
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