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ABSTRACT

This paper presents an engineering approach to the prediction of process-induced deformations
of three-dimensional composite shell structures, using a two-dimensional special purpose finite
element process code and a standard three-dimensional finite element structural code. The
approach avoids the need to develop a full three-dimensional process code, significantly
reducing the computational effort but still retaining much of the detail required for accurate
analysis. The concept of the approach is presented together with an experimental and numerical
example demonstrating the validity of the approach. Comparison between measurements and
model predictions shows that the variation of flange spring-in along the length of a composite rib
with end caps can be accurately predicted using this technique.
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1. INTRODUCTION

With faster computers and increased understanding of the fundamentals of composites
processing, computer simulations of manufacturing processes are gaining ground in industry.
There are several models for the simulation of processing of polymeric composite materials
presented in the literature, e.g., [1-8]. Many of these models were developed with a focus on the
fundamental science rather than for the purpose of simulation of processes in an industrial
setting. However, COMPRO [9,10] is a finite element based composite structure process model
that was developed with substantial input from The Boeing Company to ensure that it includes
many industrially relevant effects.

COMPRO has been used to simulate processes on the Boeing 747, 767, and 777 aircraft. Much
of the work has focused on dimensional control; especially process induced warpage and spring-
in. Recently it was used to simulate the processing of the Boeing 767 raked wing front spar and
to calculate the appropriate compensation of the tool for flange spring-in [11,12].

Although COMPRO is a two-dimensional code and all real structures are three-dimensional
(3D), the effect of the third dimension is often mainly geometric and does not have a significant
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effect on the residual stress build-up in the other dimensions. This means that the residual stress
build-up during processing and the effect of these stresses on the final shape of a 3D structure
can be separated using a sub-structure and transfer approach [13], as shown in Ffgure T] The
concept is to divide the structure of interest into substructures that are sectioned in two
perpendicular directions and modeled using high mesh density 2D process models to capture the
important phenomena causing residual stress build-up. The resulting deformations of the 2D
process models are then transferred to a simple 3D shell model where the equivalent forces and
stiffness, that give the same overall deformations as the 2D models, are calculated. The shell
models of different representative substructures are then assembled to calculate the resulting
deformations and reaction forces of the entire structure. If local stresses are required, the
resulting deformations of the shell model can be transferred back to the 2D models where the
local stresses are calculated.

1. Identify 3D geometry of 2. Generate high mesh
interest density 2D process models

Section A

Section A )

Section B

Section B 1

5. Go back to 2D model and 3. Transfer equivalent forces and
stiffnesses to low mesh density
3D shell model that gives the

I same deformation

4. Assemble substructures
and calculate resulting
reactions and deformations

calculate local stresses

Figure 1. Schematic of sub-structuring and transfer approach.

The transfer of equivalent forces and stiffnesses from the 2D model to the 3D model will depend
on the type of finite element used. The 2D process model COMPRO time-steps through the cure
cycle and calculates nodal forces and element properties in each time-step. These properties can
be transferred to the 3D model incrementally at each time-step or they can be added up and
transferred at the end of the cure cycle. The former approach is more general and allows
modelling of mechanical interaction between the part and the surroundings in full 3D during
cure. An example of a phenomenon that needs to be modeled in this way is tool-part interaction.
To model tool-part interaction, the 3D model should have one layer of shell elements
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representing the part, one layer of shell elements representing the tool, and one layer of elements
representing the tool-part interface.

2. MEASUREMENTS

To test and validate the transfer approach, the spring-in of five nominally identical carbon/epoxy
ribs was studied. The rib consists of eight layers of AS4/977-3 woven carbon/epoxy prepreg
(0°/45°/45°/45°)s, and were manufactured by Boeing is. The rib is a ‘box’ with one side
open and is processed on a positive aluminum tool (Fi

A) B) B
Figure 2. A) General view of ribs, B) Top view of ribs. Approximate dimensions.: web width (B)
67.8 mm, flange height (H) 77.6 mm, and length (L) 310 mm.

Because of flange spring-in after cure and the stiffening effect of the ends, the flange-to-flange
distance (W) is not the same as before cure. Furthermore, it is varying along the length of the rib.
To examine this phenomenon in more detail, the rib geometry was measured after cure, both as a
whole structure and after sectioning along the length of the rib.

2.1 Measurements Before Sectioning Five ribs were measured and the ribs were divided into
11 stations for measurement purposes. Station 0 and 10 were marked 10 mm from each edge and
the rest of the stations were uniformly spaced, 31 mm apart. The flange-to-flange distance (W)
was measured on the inner mould surface of the part with a digital hand caliper (Figure 3A). The
distance was measured 10 times at each station and the average distance was calculated. Figure
BB shows a schematic of the measured flange spring-in, 9, of the rib before sectioning. The
varying flange spring-in along the length can also be seen in by noting the gap
between the flanges of the two ribs.
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B)

Figure 3. A) Measurement of flange-to-flange distance (W) with a digital caliper, B) Schematic
of flange spring-in, 0, of the rib before sectioning

To test the hypothesis that the flange spring-in is uniform along the length of the rib if the
constraint of the ends are removed, the rib was cut into sections and the flange-to-flange distance
(W) was measured again.

2.2 Measurements After Sectioning The five ribs were cut in the transverse direction at stations
1,3,5, 7, and 9 (Figure 3B) and the two end pieces were cut in half in the longitudinal direction,
see Higure 4A|. Figure 4H shows the geometry and spring-in definitions of the sections.

A
v

B)
Figure 4. A) Sectioned rib, B) Definition of section geometry and spring-in.

The flange-to-flange distance, W, was measured at stations 1, 3, 5, 7, and 9. The measurements
were repeated ten times and the average distance was calculated. The flange height, H, was
measured at stations 1, 3, 5, 7, and 9. Data were taken from both flanges at every station and the
average height was calculated. The web width, B, was measured at each station. The
measurements were repeated 5 times. Fhows how the measurements were taken.
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Al B

Figure 5. Measurement of: A) section height, H, B) flange-to-flange distance, W, and C) web
width, B, on a sectioned rib.

2.3 Measurement Results The spring-in, 8, and spring-in angle, 6, (Fijgure 45) were calculated
from the measurements as follows:
§=(W-B)?2 (1)

0= tan’ (YH) 2)

This assumes that the spring-in is the same for both flanges. The measured spring-in angle, 6, is
shown in before and after sectioning for the five measured parts.
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Figure 6. Measured spring-in angle, 6, before and after sectioning.

The figure shows that before sectioning, the spring-in varies in a parabolic fashion along the
length of the rib, because of the constraint of the ends. After sectioning, however, the spring-in
is virtually constant along the length of the rib, showing that each cross-section deforms in the
same manner when the edge constraint is removed. The figure also shows that there is significant
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variation in the spring-in between parts, especially after sectioning. Despite the variability in the
data, there is a trend were the magnitude of the free spring-in, after sectioning, correlates with
the constrained spring-in, before sectioning. This is clearly seen in the case of Part A, which has
the lowest spring-in both in the free and in the constrained state.

3. MODELLING

3.1 COMPRO 2D Results A finite element model of a rib section was created in COMPRO to
calculate the free spring-in. Since there is no materials database available for the cure kinetics,
modulus development, cure shrinkage, and thermal expansion for the AS4/977-3 material,
properties of a similar prepreg system, Hexcel Style 3K-70-PW F593, were used in the model.
The model predicted a flange spring-in of 1.6°, about 15% higher than the average measured
value of 1.4°.

3.2 3D Predictions To test and validate the transfer approach for the studied rib, the following

approach was taken (Ffgure 7):

1. A 3D finite element model of the rib was created in ANSYS using orthotropic shell elements.
The rib was modeled with its flanges uniformly sprung in, with the same spring-in as the
average measured on the sectioned ribs, 1.4°, (. Since the measured and predicted
free spring-in was close but not correct due to the Tack of material properties for the process
model, the measured spring-in was used in the analysis. At this stage the structure is stress
free and the vertical edges of the rib do not match up (Figure

2. The ends of the long flanges were then displaced to match up with the edges of the ends of
the rib. The 3D rib was modeled as an elastic fully cured composite.

3. With all edges connected, the finite element program calculated the 3D shape of the rib.

Because the properties of the AS4/977-3 material were not known at the time of modeling, the
properties of Hexcel Style 3K-70-PW F593, was used in the 3D shell model.

A) Flanges
modeled as freely
sprung in

B) Edges
connected to give
3D shape

Figure 7. Schematic of 3D shell model.
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3.3 Comparison of Measured Spring-in and 3D Shell Model Predictions F shows a
comparison between predicted and average measured and spring-in using the approach described
above. The shape of the spring-in angle vs. distance along rib curve is predicted correctly and
the magnitude is off by less than 0.1°. Note that these predictions are based on a measured free
spring-in of the sections rather than a predicted value as would typically have been used using
this approach. If the predicted free spring-in of 1.6° were used in the model instead, the 3D
predictions would increase by about 15% and cause the discrepancy between model and
measurements to be slightly larger than that shown in F
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Figure 8. Comparison of average measured and predicted flange spring-in.

4. DISCUSSION AND CONCLUSIONS

The most important finding in this study is that all cross-sections of the rib have virtually the
same process induced deformation (spring-in) when the ends of the rib are removed. This means
that a 2D cross-sectional analysis of this problem is adequate. Furthermore, it was demonstrated
that by using the information of the cross-sectional behaviour together with a simple 3D-shell
model, the behaviour of the whole rib could be accurately predicted.

Although the rib studied here is representative of many composite shell structures in the
aerospace industry, there will be parts where the stress build-up in the third dimension
significantly affects the stresses in individual sections of the part. In such cases the approach
presented here will be less accurate, perhaps to the extent of not being applicable.
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