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ABSTRACT.

The present paper gives the details of non-linear simulations carried out to estimate
stresses and deformation caused due to assembly process. Assembly stresses are
induced primarily due to two reasons. a) Due to closure of mismatch in bolt-holes due to
manufacturing tolerances etc. b) Due to the process of bolt tightening. These responses
are dependent on gap closing and bolt tightening sequence and hence simulation of
assembly process is a non-linear problem. First a background for assembly stress
problem is given. Subsequently, a classification is made based on boundary type and a
formulation is developed for a simple problem of simultaneous closure. Finally
simulations are carried out to find stresses and deformations induced due to
mechanical assembly carried out using bolt fasteners in a open-box problem and a
typical package problem. The commercial non-linear FE package MSC.Marc/Mentat is

employed for numerical simulations.
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1.INTRODUCTION

In a typical aerospace structure there are thousands of bolt fasteners. Assembly
stresses are induced primarily due to two reasons.

a) Closure of mismatch in bolt-holes due to manufacturing tolerances, errors etc.

b) due to the process of bolt tightening.

These stresses are dependent on gap closing sequence, bolt tightening sequence and
contact friction and therefore are non-linear problems. Many designs depend on
assembly stress for their performance viz., gasket joints etc. They are examples of the
positive effect of assembly stress and deformations. However on the negative side, they
can cause defects in assembly, which affect the functionality. For example, in
spacecraft situations a small change in alignment can cause large throw-offs in the
payload coverage area, since the spacecraft will generally be at an orbit of 36000 km.
Alignment accuracy of the order of arc minutes or even arc seconds are not uncommon
in this field. Generally, these errors not estimated but measured and corrected to the
extent necessary. There is very little literature, which addresses this class of problems.
In this paper we have tried to simulate the pre-stress and misalignment due to closure
and tightening for the first time analytically.
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2.0 CLASSIFICATION AND TYPICAL FORMULATION

The stresses and deformations induced in the gap closure problem depends heavily on
the boundary condition on the mating bodies, in addition to the magnitude of gaps.
Hence the authors suggest the following classification for the problem of gap closure
between two bodies, based on the boundary condition.

Constrained-Constrained Closure

Free-Free Closure

Constrained-Free Closure
In the first case, the stresses induced depend on the ‘absolute’ gaps in addition to the
closure/tightening sequence.
On the second and third cases, the stresses induced depend on the relative gaps rather
than absolute gap in addition to the closure-/tightening sequence.
Here a simple formulation for the linearized has been developed, simultaneous closure of
a fixed-fixed problem, to give readers a feel of the problem. Similar formulation for the
second and third cases can be developed, but entails inversion of singular matrices.
Consider two constrained systems to be matched
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Figure 1- System of two constrained-constrained bodi es
with inter-body gaps for assembly

We know that,
[K1{x}

{F} (@)

1 1 1 1
Kbi Kbb Xb R

Ky % + 'K, % =0 2)

Ky %+ Ky %, = R 3
CS.u

Thinking ahead

Gaining Competitive Advantage through Engineering Productivity MSC



CS

SR o 5K e s et R G (4)
o e 0 o R~ ()
DAPLENS S I S S a2 o I (6)
T B T e e )
'R+ ?R=0 ~ 4 8)

Substituting the equation (7) in equation (8)
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3.0 FINITE ELEMENT SIMULATION

In this section the details of the simulation carried out for some problems has been
presented. The following examples problems are solved.

Gap closure problem

Bolt tightening problem

A typical package assembly
Satellite closure problem

Aerospace structures are generally made of thin sections since weight reduction is
paramount in design of plate-and-beam. FE idealization is adequate for most purposes.
However, the process of bolt tightening induces compressive stress in the thickness
direction of the plates. Hence it calls for solid-element idealization and hence results in
huge matrix sizes. Therefore the two problems are decoupled here and the stresses
due to gap-closure and bolt pretension are studied separately, so that the stresses and
responses can be superposed later, although super position is not strictly valid in non-
linear cases. Nevertheless, the physical assembly processes resemble this very often.
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Overclouser tyings- Type 69.

The technique used is a special type of tying (Overclouser tyings). The idea behind it is as
follows.

In various engineering applications, it is necessary to define a pre-stress in, for example, bolts
or rivets before applying any other structural loading. Although such a pre-stressed state is
often simulated using a temperature loading, it is rather difficult to arrive at a desired net force
in the bolt or rivet. An easier way is to use overclosure tyings (type 69). These tyings create
overlaps or gaps between two parts of a model.

If the motion of these parts is somehow constrained in the direction in which the gap or overlap
Is being created, then an overlap will introduce an tensile (pre-) stress in each of the parts and
a gap will result in a compressive stress.

Overclosure tyings have one tied node and two retained nodes. The tied node and the first
retained node are usually nodes on the boundaries of the respective parts (see Figure 2). The
second retained node is very often a free node and is usually shared by all overclosure tyings
which connect the parts. This node is also called the control node of the tying, since it can be
used to apply load or control the size of the gap or overlap between the parts.

Thinking ahead
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Sufficient boundary conditions must be applied on the control node to suppress any rigid body
modes, if the two parts of the structure are not constrained otherwise. Total forces on the split
are available for post-processing as reaction forces on the control node for all suppressed or
prescribed displacements and rotations.

top part top part Foarl I
top nodes mesh split F ot L1
(first retained) overclosure tyings [T—
1 ot 3 ot '
. (overlap) umm?] - {_ R &
control node
(second retained) ) jop 310
bottom nodes
(tied) ‘Ft.mp1 b Fllop
bottom part bottom part
undeformed deformed

Fig 2 : Pre-stressing a structure by creating an ov  erlap between the top and the bottom part using over  closure tyings

An overclosure tying imposes the following constraint on the model:
Ul = o R B T e (11)

in which , Ujieq, Usetaineds @Nd Ugonio @re the displacement and rotation degrees of freedom (if any)
of, respectively, the tied node, the first retained node, and the control node of the tying. It
immediately follows from this equation that is the displacement difference of the tied and the
retained node of the tying and is equal to the size of the overlap or gap between the parts.
Hence, by prescribing this displacement using the FIXED DISP and DISP CHANGE options, gaps
or overlaps of a particular size can be created.
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3.1 Gap-closure Problem
Validation: First a simple problem is taken with a uniform gap as shown in the figure
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Figure 3 - A schematic of the validation problem for closure

where it belongs to the fixed-fixed class. The closure creates stresses and deformations,
which are verifiable. This problem was first solved and the results were found to be
accurate.

Example 3.1 — Simulation of closure of an open box

Z

Figure 4 — Schematic of the box closure problem
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Figure 4 presents the schematic of the problem. The strip has three holes required to be
matched for assembly. The deviation in hole centres can happen in all the three directions,
viz. ,X, Y and Z . Z deviation can occur due to tolerance on the planarity of the plates and
deviations in X and Y due to tolerancing of holes.

Figure 5 gives the FE idealization and stress distribution for this problem. It can be
reasonably assumed here contact and friction have little role in this situation. Here plate
mesh is adequate. Figure 6 gives the response histories for stress and deflection at a
certain point due to different matching sequence. It can be seen that there is little difference
due to the closure sequence in the final state of stress.

Time: 3.000e+00

Figure 5 — FE mesh and stress distribution in closu re problem
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Figure 6- Von-Mises Stress and displacement history for bolting sequence 123 and
213

3.2- Bolt Tightening Problem
Validation:  The technique used to apply pretension is inverse of gap closure. It

additionally involves contact definitions between the mating plates and bolts. Pretension is
verified by computing the bolt stresses and shortening. Contact is separately validated

through other problems. This problem has been taken from MSC.MARC (Vol E) with slight

modifications.
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Example 3.2 — Effect of bolt pretension and tighteni  ng sequence.

This problem is similar to the previous one. Figure 7 gives the FE idealization of the problem.
Three bolts have to be tightened for completing the assembly. Here it is essential to use solid
mesh since bolt force induces stress in the direction normal to the plate. Figure 8 gives the
deflection plot due to different matching sequence while, Figure 9 presents the stress at a
particular point. Figure 10 gives the history of bolt shortening and Figure 11 gives the history
for bolt stresses. The expected stress is 12 N/mm2, which closely agrees with the computed
value of 11.8 N/mm2 For these two graph it can be seen that tightening is simulated in the
right fashion

The plates are clamped at the one side and are bolted together at the opposite sides. In three
separate load steps, the bolts are loaded in turn by a pre-tension force of 1kN in the z-
direction. The latter is applied to the control node of the bolt by applying a point load. During
the loading of a bolt, the other two bolts are locked, that is, the displacement of the control
node in the z-direction (i.e., the shortening of the bolts) is suppressed.

Throughout the analysis, the displacements of the control node in the x- and y-direction (i.e.,
the relative displacements of the two parts of the bolt in these directions) are suppressed. In
addition, to remove the rigid body rotation of the bolt around its axis, the y-displacement of
one node of each bolt is suppressed as well. Figure 7.a. gives the boundary condition details.
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Fig 7 : The Finite Element Meshes of the Different  Parts of
the Model
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Fig 8 : Superposed Plot of Displacement (sequence 1~ 23,231)

as a function of time
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Fig 7.a. : Boundary Conditions for Bolts
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Fig 10 : Shortening of the Bolts as a Functionof T  ime Fig 11 : History of bolt stress

Sequence 123
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Fig 12 : Displacement Contour of bolt 1. Fig 13: Di  splacement Contour of bolt 2.
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Fig 14 : Displacement Contour bolts 3. Fig 15 : Displacement Contour at the end of analysi s

Fig 16: Von Mises Stress of bolt 1. Fig 17 : Von Mises Stress of bolt 2.



Fig 18 : Von Mises Stress of bolt 3. Fig 19 : Von Mi  ses Stress at the end of Analysis.

Sequence 231

Fig 20 : Displacement Contour of bolt 2. Fig 21 : Displacement Contour of bolt 2(end of 1 st load case)



Fig 22 : Displacement Contour of bolt 3 (start of 2 "4 |oad case ) Fig 23 : Displacement Contour of bolt2 (end of 2 ™ load case)

Fig 24 : Displacement Contour of bolt 1 (start of | oad 3™ case) Fig 25 : Displacement Contour of bolt 1( end of 3 ™ |oad case)



Example 3.3 - A Typical Package Assembly.

In this problem, an effort has been made to capture the stresses and deformation due to the
assembly process in a typical package situation. Here again, the problem is decoupled into
closure problem and tightening problem. There is a typical aluminium package of
200mmX200mmX200mm dimension, which is mounted on an square aluminium plate of half
a meter dimension. Figure 26(a) and 26(b) show the FE idealization for both closure and
bolt-tightening problems respectively. The package has four lugs to be tightened on a flat
aluminium plate of 2mm thickness. The package is not flush mounted, which means that the
lugs are raised. The package is idealized using plate elements. For the closure problem, the
mounting plate is also idealized using plate elements. However, for the bolt-tightening
problem, the mounting plate, the bottom part of the four lugs and the bolts are idealized using
solid elements. As mentioned earlier this is necessary since plate elements cannot take
compressive loads in the direction normal to the plate, and this is the load generated by
pretensioning.

Figure 26 —FE idealization of the package assembly  problem for
a) Closure and b) Exploded view of bolting problem



3.3.1 Package Lug-Closure Problem — For the closure problem, different magnitudes of
gaps are assumed to exist for the bolt locations. Generally gaps exist in X-Y (in plane)
directions due to tolerance in the centre location of the bolt-holes. However mismatch in Z
direction is due to loss of planarity of either the lug or the plate. In practice, whenever
mismatches in X-Y (in-plane) directions exist, the holes are made bigger and the error is
absorbed since a bolted joint does not functionally depend on the exactness of the
dimensions of hole up to a certain size. Therefore mismatch is supposed to exist only in the
direction normal to the mounting plate/lug. The boundary conditions on the mounting plate
are symmetric with respect to package geometry, but asymmetry only in the deviations of
lugs. In order to provide necessary constraint for the package, to remove singularity
problems, a local soft-spot is created at corner having all the six degrees of freedom.
Alternatively, a grounded 6-dof spring can be used at a corner, or inertia relief method can
be used. Figure 27 shows the stress distribution and deformation in the assembly due to the
closure. The slopes at a certain point (which the location of alignment reference cube) gives
a measure of misalignment. In this problem, we have noticed a misalignment of about 0.7

arc seconds.



Figure 27 — Deformation and stress plot for package closure problem

3.3.2 Package Lug-Bolt-Tightening Problem

In this section the bolts tightening is simulated using the procedure validated in the earlier
example. The Figure 28 shows the contour plot of displacement after tightening the first bolt.
Figure 29 to Figure 37 shows the tightening of bolts in the sequence 1234 & 2413.

Figure 28 — Contour plot of displacement after
tightening the first bolt



Results of Sequence of bolts (1234):

Fig 29: Displacement of Bolts in the sequence, Bolt  1,Bolt2,Bolt3,Bolt4.



Fig 30: Results of loadcasel. Fig 31: Results of loadcase2.

Fig 32: Results of loadcase3. Fig 33: Results of loadcase4.



Results of Sequence of bolts (2413):

Fig 34: Displacement results of bolt2. Fig 35: Displ  acement results of bolt4.

Fig 36: Displacement results of bolt1. Fig 37: Displacement results of bolt3.



Fig 38: Deformation Fringe of bottom plate for the sequence 1234 Fig 39: Deformation Fringe of bottom p  late for the sequence 2413

Fig 40: Plot of Shortening of bolts as a function o f time in the Fig 41: Plot of Shortening of bolts as function of time in the Sequence
Sequence 1234 2413.



Fig 42: Plot of External Force as a function of tim e Sequence 1234 Fig 43: Plot of External Force as a  function of time Sequence 2413.
Fig 44: Superposed plots (Seq 1234 & 2413) of Displa cements as a Function of time






Fig 45: Superposed plots(Seq 1234 & 2413) of Von Mis  es Stress as a Function of time






Satellite Closure Problem.

In this work, a detailed FE model of a satellite was generated using HyperMesh and
MSC.MARC-MENTAT. The corner nodes of Shear panel and the nodes of corresponding
outer plates were split to represent different node ids.Each set consisting of two different
nodes were tied using tying type69(overclosure tyings) with a unique control node, for each
set, the coordinates of all the tied nodes were mismatched prior to tying. The corresponding
displacement in X,Y,& Z direction was employed to the control nodes, so as to close the
mismatched gap between the holes. The Stress and Displacements induced on the
Assembly during this process were studied effectively.

Fig 46: Exploded view of the Satellite.



Fig 47: Overclosure Tying on the outer edges of mode |

A MATLAB code was developed to generate the mating nodes which were mismatched along
X,Y, & Z.direction. The results of the coding was then written in .DAT form of MSC.MARC in the
same format as it writes for type 69 Card. As a result the Overclosure tyings were employed

automatically without picking tied node and retained nodes in the GUI (MENTAT) after the .DAT
file was imported to MENTAT.



Fig 48: Tying Applied on the pair of nodes.
Results:

Fig 49: Closure of mismatched holes.



Fig 50 :Displacement & Von Mises stress due to clos  ure



4.0 Conclusions:
This paper addresses the problem of stresses and deformations induced due to the process of
assembly. Assembly stresses/deformations are induced primarily due to two reasons. a) Due to
closure of mismatch in bolt-holes due to manufacturing tolerances etc. b) Due to the process of
bolt tightening.  Here a classification of the problem is made based on boundary type and a
formulation is developed for a simple problem of simultaneous closure for a constrained-
constrained closure problem.. subsequently, simulations are carried out to find stresses and
deformations induced due to mechanical assembly carried out using bolt fasteners in a open-
box problem and finally in a typical package problem. The commercial non-linear FE package
MSC.Marc/Mentat is employed for numerical simulations. The results show that the final state of
stress and deformation depend on the sequence of tightening, in the present problem the
difference in stresses and deformation at a certain point is nearly 10% in the final configuration.

This simulation is very useful to find loss of alignment in payloads requiring pointing accuracy.






For further information please contact

Mr.Vikas.K.R.

Application Engineer-CAE
CSM Software Pvt.Ltd.India.
Vikas.kr@csmsoftware.com



