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Although undocumented, Eq. (5) (including this time-
dependent term) was used in all published ‘‘low-frequency”’
LTRAN2 calculations by Ballhaus and Goorjian.! Also, in
the calculations presented here, Eq. (5) will be used by both
LTRAN2 and LTRAN2-HI.

VCalculated Results and Discussion

Linear Calculations

Computed results from LTRAN2 and LTRAN2-HI are
first compared with exact linear theory results. This test serves
to establish the capability of the modified code to provide
accurate unsteady solutions in the linear domain: The linear
theory results are solutions to the ‘‘all-frequency’’ unsteady,
transonic small-disturbance equation (i.e., the governing
.equation includes a ¢,, term that is neglected in the LTRAN2,
LTRAN2-HI codes). Figure 1 displays lift and moment
coefficients vs reduced frequency for the case published in
Ref. 2 (flat plate pitching 0.25 deg about quarter chord, o, =0
deg, M_=0.7). Note that the original LTRAN2 provides
reasonably accurate results but only for reduced frequencies
less than 0.2. With the exception of the real component of the
moment coefficient, LTRAN2-HI gives a more accurate
prediction of both lifts and moments over the entire range of
reduced frequencies tested. The discrepancy seen in the
moment comparison may be attributed to the omission of the

* ¢, term in the governing equation of the codes. Results from
Bland$ verify that calculations from a LTRAN2-HI-type code
compare more favorably, almost precisely, with a linear
theory formulation also neglecting ¢,,. Owing to the relatively
small magnitude of the real component of moment,
LTRAN2-HI still provides the better agreement with linear
theory moments in amplitude and phase.’

Nonlinear Experimental Comparisons

As stated previously, comparisons with experimental data’
for a pitching (1 deg about quarter chord) NACA 64A010
airfoil were made at a transonic Mach number of 0.8. Figure 2
displays first harmonic comparisons of lift and moment
coefficients vs reduced frequency. The high-frequency
modification, in general, produces an improvement in the
calculation of real and imaginary components of both lift and
moment coefficients over the entire reduced frequency range.
The greatest improvement is seen in the determination of the
imaginary components where LTRAN2-HI, unlike the

original code, captures the experimentally observed trends.

Note in particular the successful prediction by LTRAN2-HI
of the zero crossing in the imaginary component of the
leading-edge moment corresponding to a critical transition
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Fig. 2 Lift and leading-edge moment coefficients vs reduced -

frequency for a pitching NACA 64A010 airfoil, M_ =0.8,
k=wc/U,, a=ay+a;sinwt,
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from a phase lead to a phase lag For these reasons, LTRAN2-
HI is the recommended version of the code for use in tran-
sonic calculations.

The details of these calculations, the algorithmic
developments for the modified boundary conditions, as well
as additional comparisons with experimental results (unsteady
surface pressures for the range of reduced frequencies given in
Fig. 2) may be examined in Ref. 7.

Conclusions

LTRAN2-HI, a high-frequency extension of the NASA
Ames unsteady, small-disturbance code LTRAN2, provides
more accurate unsteady results, as evidenced by experimental
comparisons. The modified code is a versatile tool capable of
performing reasonably accurate inviseid calcilations in both
linear and nonlinear flow regimes. Results from the improved
code may be obtained at no extra computational expense.
LTRAN2-HI has now become the default option of the
NASA Ames code LTRANZ
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A ﬁybrid Shear Panel

Wayne V. Nack*
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Introduction

HEAR panels are used on airframe structures to model
thin sheet metal that is attached to heavy stiffeners. The
axial load is carried by the stiffeners, which are represented as
rods. It is assumed that the sheet metal carries shear stresses at

Received June 15, 1981; revision received Oct. 5, 1981. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1981.
All rights reserved.

*Associate Professor, Department of Aeronautical Engineering.
Member AIAA.



MAY 1982

the attachment to the stiffener. The sheet metal is then
modeled as a shear panel. This Note is not supportive of the
modeling procedure, but is intended as a modern update to
the shear panel.

The shear panel used in the NASTRAN 1 program was
taken from Ref. 2 and is based on the force method. For
highly distorted quadrilaterals, the assumptions made in
deriving this element are incorrect. Moreover, interelement
compatibility is not assured with this panel. A more modern
shear panel, based on an equilibrium finite element model, is
listed in Ref. 3. A hybrid shear wall was developed in Ref. 4 to
model building walls connected to beam columns and rigid
floors. This shear wall requires two translational and one
rotational degrees of freedom at each node.

The rectangular hybrid element of Refs. 5 and 6 will be
specialized for a shear panel by finding an internal stress
distribution that produces only shear stresses on the element

boundaries. This element is compatible on interelement
boundaries and can be integrated with a finite element
program.

Internal Stresses

The Airy stress function was used in polynomial form to
find biharmonic functions which satisfy

Frooe+2F ) +Fy, =0

The function F contained a combination of polynomials
given in the Pascal triangle of Ref. 6. Rows 3-8 of the Pascal
triangle were used for the stress function and to satisfy the
biharmonic equation; certain dependencies were found
between some of the coefficients. A total of twenty linearly
independent functions were found that satisfied the bihar-
monic equation. The twentieth function was a combination of
two asymmetric solutions that produced a symmetric
polynomial. The stresses were recovered from the stress
function by .

S,=F,,, S,=F,, S,=-F

xy xy
The stresses depended on twenty unknown coefficients.

On the boundary of a quadrilateral element it is assumed
that the normal stress vanishes and the shear stress is constant
on each side. By statics, the set of shear stresses can be ex-
pressed in terms of one unknown shear stress b and a set of
coefficients that depend only on the geometry. The normal
and shearing stresses at a boundary are found from the stress
transformation

SN=chos20+Sysin20+Sxysin20
7y=—1[(S,—S,)/2]sin20+S,, cos26

The twenty unknown constants can all be expressed in terms
of one unknown shear stress b. To determine these constants,
the normal stress was set to zero at the quarter and three-
quarter point of each side, and the shear stresses were set to
the values in terms of b at the eighth, half, and seven-eighths
point of each side.

For a rectangular panel, the stress distribution found was
constant shear and for a parallelogram, a constant normal
and shear stress resulted. It was found that at least twenty
terms were needed in the Airy stress function for sufficient
accuracy.

Hybrid Shear Panel
The modified complementary energy’-® was used to derive
the shear panel. If the stresses are an equilibrium field and if
the loading results from concentrated loads at the node
points, this variational statement minimizes the following:

T =U*(0) — Ss aTrds

TECHNICAL NOTES : 733

where U*(o) is the complementary energy, 6U*(0) = | b0e, u
are displacements, ¢ are tractions, ¥ is the volume, S the
boundary surface, o the stresses, and e the strains.

In the hybrid element formulation, displacements are in-
terpolated on the element boundary, while stresses are in-
terpolated in the interior. The stresses are found in terms of
one unknown shear stress b from the polynomial represen-
tation and the point collocation on the boundary. The 3x 1
stress, matrix, in terms of the scalar b, is 6=Nb. The strain
stress relation for plane stress is e = Co.

To interpolate the displacements, a linear function is
assumed between the end points, A, B of one side,

g=q4[1—(s/L)] +qp(s/L)
The parameter s is measured from point 4 to B along the
side, and L is the length of the side AB.
The 8 X 1 matrix of displacements is given by

#=Na, a=(u,v, --uv)T
N =8 x 8 matrix of displacement interpolants

The X-Y components of tractions on each side are given by

t=Go
The G, matrix for one side is
n, 0 n
. y
G, =| =
0 n, n,

where 7, n, are direction cosines of the outward normal to
that side

— Y =T, n XB X4
y=
L

The G, matrix is repeated for each side to form the G
matrix of 8 X 3 size with the traction freedoms (rows) in the
same order as the displacement freedoms. In terms of these
matrices, the modified complementary energy is

w*=YbTHb—aTPh, H= S NTCNtdxdy, P= Ss NTGNAS

The H scalar is numerically integrated by transforming to
isoparametric coordinates using a bilinear transform of
corner nodes. The limits on P correspond to the length of the
side being calculated, and numerical integration is used.

The shear stress b is independent of other elements. It is
eliminated as a nodeless variable. The stationary requirement
of n*is

B ar*

=0=Hb—PTa
b
b=H-1pPTq
.
0 Ph=—PH-1PTq
da

The stiffness matrix is identified as K= — PH~ !PT,

Numerical Results
Figure 1 shows a three-cell cantilever beam composed of
three rectangular shear panels and ten rods derived by the
displacement method. The geometry and material properties
are also shown in the figure. The tip deflection of a cantilever
including shear deformation is

8=PL3/3EI+ PL/Ght
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The calculated deflection was 0.,1956 mm by the formula,
which agreed with the hybrid panel tip deflection at 0.1943
mm. By the formula, the deflection was 34% due to shear,
which checked the deflection characteristics of the panel.

Figure 2 shows a system of shear panels and rods that is

internally redundant on the four cells. The classical force

transfer solution given in Ref. 9 is shown and compared to the
hybrid method in the figure. A displacement incompatibility
between the large element on the left and the four cells was
introduced in the hybrid method.

It should be noted that the load transfer mechanism used by
the hybrid method is different from the classical force transfer
approach of Ref. 9. The hybrid method has a constant force
in each rod, while the force approach assumes a linearly
varying force. However, there was fairly good agreement
between the two methods in the shear flows shown in Fig. 2.
This panel could be extended to include a linear varying force
in each rod that would be analogous to Ref. 9.

254MM
- I { —
F25amm " Zsanim ' 25amim
E = 206, 896 MPA
v*= _3 4448"
t=254MM
Areas = 6.452CM?
h = 254MM
Fig. 1 Shear panel cantilever.
47.10 2094 T
’ [4903) (2802) | "27'"'“
/1 11(35.02) T—» 10.675N
[35.02] [20.07] T -
| (28.02) (7.00)
[=— 254MM —— | —254MM— | — 254MM —
() Force Approach (3]  goo6N 5338N

[ ]Hybrid Solution

Areas =6.452CM2, t = 254MM
E =206, 896MPa, » = 3

Fig. 2 Shear flows, N/mm?.

Conclusion

The hybrid shear panel takes a constant shear stress along
each edge with no normal stress. The panel is compatible only
along interelement boundaries and is not compatible within
the element. The panel may be distorted into a quadrilateral,
although no numerical results could be found in the literature
for.comparison. Equilibrium is forced at the node points and
is not assured everywhere, although the shear stresses along
each panel are in equilibrium with the panel.

This panel could be extended to include warpage effects,
and extensions could be made to integrate the panel with
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linear force varying rods to improve the equlllbrlum
characterlstlcs
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Tlme-Dependent Adhesive Behavior
Effects in a Stepped Lap Joint
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Introduction

NCREASING use of adhesive bonding in aerospace

structures requires that analysis methods be available in the
areas of service life and strength predictions. Adhesives
exhibit viscoelastic (time-dependent) behavior, i.e., the stress-
strain relation is a function of time. This behavior will in-
fluence stress distribution in adhesively bonded structures.
Also, any life prediction technique will be influenced by the
viscoelastic behavior of adhesives. Hence, the time-dependent
behavior of adhesively bonded structures must be properly
understood.

An extensive study of time-dependent behavior of
adhesively bonded joints has been carried out by Romanko
and Knauss.! The method of modeling viscoelastic behavior,
based on experimental observations, is also discussed in Ref. -
1. For rigid adherends, the influence of time-dependent
adhesive behavior on a metal-to-metal bonded joint has been
investigated in this reference, and the stress distribution is
shown to be time-independent. In reality the adherends are

. never rigid, and the influence of elastic behavior of adherends

should be taken into consideration. The analytical techniques
developed by Erdogan and Ratwani? for elastic adherends are
extended to take into consideration the time-dependent
behavior of the adhesives.

Viscoelastic Model for Adhesive Behavior

The viscoelastic behavior of typical structural adhesives
(such as epoxy adhesives FM73 and FM400!) can be
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