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1 Notation 

A  Square matrix   

a Area of cross section of the bolt 

d Diameter of the bolt 

E Young’s modulus 

F Force 

Fa Total applied load vector 

Fx Reaction load vector 

Fx Axial force 

Fy Side force 

Fz Normal force 

G Shear modulus 

I Identity matrix 

K Total stiffness matrix 

M Moment  

M Mass matrix 

Mx Rolling moment 

My Pitching moment 

Mz Yawing moment 

N Number of elements 

P Total axial load on bolt 

PA Maximum allowable Axial Load 

PL Pre-load 

Q Maximum allowable shear force 

Qx x component of shear force 

Qz z component of shear force 

Qm Component of shear force due to moment in the y direction 
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r Vector 

u Nodal displacement vector 

x Eigen vector 

φ Mode shape 

λ Eigen values 

ν Poisson’s Ratio 

ρ Density 

σ Mean tensile stress 

τ Shear stress 

ω Circular natural frequency 

 

Abbreviations 
ETW European Transonic Wind Tunnel 

FEA Finite Element Analysis 

DFG Deutsche Forschungsgemeinschaft 

DLR Deutsches Zentrum für Luft- und Raumfahrt 

DOF Degrees of Freedom 

ILB Institut für Leichtbau 

CAD Computer Aided Design 
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2 Introduction 

A wind tunnel is a research tool developed to assist with studying the 
effects of air moving over or around solid objects like airplane wing. 
Transonic wind tunnels are able to achieve speeds close to the speed of 
sound. Mach number falls between 0.75 and 1.2. The force and moment 
measurement system of a wind tunnel is called balance. The balance 
offered until now by the European Transonic Wind tunnel (ETW) for the 
aero elastic investigation of the wing model is prone to resonance at 
dynamic force loading. Hence the need for the new equipment arises. The 
main contributions of the present work is that the finite element analysis 
(FEA) results will be helpful for the redesign of the balance and will 
provide an insight into the frequency characteristics of the new balance. 

 

2.1 Background 

With the funding by the Deutsche Forschungsgemeinschaft (DFG), the 
collaborative research centre “Flow Modulation and Fluid Structure 
Interaction at Airplane Wings” (SFB 401) at RWTH Aachen University is 
preparing aero elastic experiments, which will be performed in the ETW, 
engaging Deutsches Zentrum für Luft- und Raumfahrt (DLR) concerning 
aero elastic data acquisition and getting support from Airbus for 
development and construction of a 6-component piezo electric balance for 
dynamic force measurements in ETW [1]. 

The figure 2.1 shows the 5-component balance, made available by the ETW 
for the measurement of the reactions of the wing model in the wind tunnel, 
turned out to be unsuitable during a performed vibration test with the mass 
of the order of the wing model mass. The balance is one equipped with 
strain-gauges, which due to its construction exhibits a very low Eigen 
frequency in the direction of wind flow and also a relatively small shock or 
vibration cushioning. This lowest Eigen frequency of the balance of the 
ETW is in the range of the expected frequencies of the wing model, 
meaning that unwanted resonances between the balance and the excited 
wing are to be expected. These resonances certainly will falsify the test 
results in a structural and aerodynamic sense. 
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This is the reason why the construction of a 6-component balance with four 
piezo electric force sensors is planned. The experiments will be performed 
with an elastic pure wing model which will be mounted on a 6-component 
piezo electric balance in the wind tunnel ceiling and will include steady and 
unsteady measurements [2]. 

 

Figure 2.1. The low eigenfrequency balance offered by ETW  

2.2 Aim and Objectives 

The aim of the present work is to analyze a force and moment measurement 
balance with a small volume of construction, a very high stiffness in all 
directions and thus a guaranty for very high eigenfrequencies.  In order to 
achieve this aim it was important to build a simulation model of the 
balance.  
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The modeling and simulation was carried out using the commercial finite 
element software, MSC Nastran/Patran and ANSYS. With the FE model, a 
linear static analysis was done to investigate the magnitude of the 
deflections and stresses, and modal analysis was performed to investigate 
the dynamic characteristics of the studied balance. The structure is 
pretensioned before operation. The effect of pretension to the stiffness of 
the structure was also analyzed. 

 When modeling a structure, there is always a trade off between accuracy 
and problem size. Usually, the more accurate the model, the larger it 
becomes. In the limit, the model becomes too large to analyze. So it is 
essential to create a model that is as accurate as required yet reduces the 
computer demand to a minimum. It is very common to find that the model 
desired is too large for the computer or program that is being used for the 
analysis. Many times this is because a poor model was chosen. Often the 
model is good but it is still too large. 

In this work the planned structure itself is large and an assembly of various 
components connected together by pre-loading bolts. The computer 
resources and the university research editions of the FE program with 
limited options made available for this work, badly requires the model to be 
simplified as much as possible. One way to reduce the size of the problem 
without compromising the accuracy is to take advantage of the symmetry of 
the structure and loads. While the structure is symmetrical, the loading is 
not. So the only way to handle this problem is doing the dicretisation of the 
structure into finite elements, i.e. meshing coarsely. In this way at the 
expense of accuracy to some extent, the number of computations can be 
kept reasonable. 

As a well known fact the bolt connections bring in non-linearity to the 
model and makes the analysis a non-linear one, which in turn can lead to a 
huge computational effort. This problem can be tackled by making the 
problem linear by proper assumptions at the interface of the constituent 
parts of the structure. This approach was applied on the modeling of the 
preloaded bolts in the studied structure. 

Finally, the present work should also provide the department of aerospace 
structures and light weight construction, RWTH Aachen, Germany with a 
working procedure to analyze solid structures with preloading bolts, as they 
have so far dealt with only light weight shell structures. This is aimed at 
providing a platform for those who may deal similar kind of problems in 
the future. 
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3 Load Measurements in Wind Tunnel 

The purpose of load measurements on models is to make available the 
forces and moments so that they may be corrected for tunnel boundary and 
scale effects and utilized in predicting the performance of the full-scale 
vehicle or other device. 

3.1 Forces, Moments and Reference Frames 

The two most used frames are body axis frames and wind axis frames. Any 
reference frame is determined by its orientation relative to some other 
frame or a basic physical reference and the location of the origin. A 
reference frame is a set of three orthogonal axes, by convention always 
labelled in a right-hand sequence. 

For wind tunnel applications the wind axes are considered first. The figure 
3.1 shows the considered wind axes. The wind axes have Xw pointing into 
the wind, Zw pointing down, and Yw pointing to the right looking into the 
wind. 

The body axes are fixed to the model and move with it. The force 
components on body axes are sometimes referred to as axial force, side 
force, and normal force for the Xb, Yb, Zb components, respectively, or 
sometimes as body drag, body lift, and body side force. In this work the 
former set has been used to refer to body axis components. 

The moment components on the x, y, z axes are referred to as rolling 
moment, pitching moment, and yawing moment, respectively. In this work 
the origins of the reference frames are carefully specified since the 
moments are directly and critically dependent on this choice. 

A wind tunnel balance is expected to separate these force and moment 
components and accurately resolve which almost has small differences in 
large forces. A complex factor is various forces and moment components 
vary widely in value at any given air speed and each varies greatly over the 
speed range from minimum to maximum. The design and use of balance 
are problems that should not be deprecated. It can be stated that balance 
design is among the most trying problems in the field.  
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Figure 3.1.Wind and body reference frames. 

3.2 Concept of a Six-Component Balance 

In an attempt to picture the situation most clearly, a conceptual but 
impractical wire balance based on spring scales is shown in figure 3.2. The 
model, supposed to be too heavy to be raised by the aerodynamic lift, is 
held by six wires. Six forces are read by scales A, B, C, D, E, and F: the 
wires attached to A and B are parallel to the incoming air velocity vector 
and define a plane that can be taken as a reference plane for the balance 
The plane is designated as x-y plane. These wires point in the x direction. 
The wire attached to F is perpendicular to the A and B wires and is in the x-
y plane. This wire points in the –y direction. The wires attached to C and D 
are in a plane that is perpendicular to the x-y plane, which we designate the 
y-z plane. The C and D wires are perpendicular to the x-y plane. Wires A 
and C are attached at a common point on the right wing. Wires B, D, and F 
are attached to a common point on the left wing. Finally the wire attached 
to E is parallel to C and D and is in a plane parallel to C and D and halfway 
between them. 
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1. Since the horizontal wires A, B, and F cannot transmit bending, the 
vertical force perpendicular to V, the lift, is obtained from the sum 
of the forces in the vertical wires: L = C + D + E. 

2. The drag is the sum of the forces in the two horizontal wires parallel 
to the direction of V: D = A + B. 

3. The side force is simply Y = F. 

4. If there is no rolling moment, that is, no moment component in the 
direction of the x-axis scales C and D will have equal readings. But 
more generally a rolling moment will appear as l =(C-D) * b/2.It 
should be carefully noted that this is with reference to a point 
halfway between the two wires C and D, through which the line of 
action of F passes, and in the plane defined as containing E. 

5. Similarly, a yawing moment, that is, a moment component in the 
direction of the z-axis, will result in non equal forces in the wires A 
and B and the yawing moment will be given by n = (A - B) * b/2. 
Here also note that this is a moment with reference to a point 
halfway between A and B and through which the line of F passes. 

6. The pitching moment is given by m = E * c. This is a moment about 
the line containing F. 

 

Figure 3.2.Diagrammatic wind tunnel balance [3]. 
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Exact perpendicularity between the wires must be maintained. For instance, 
if the wire to scale F is not exactly perpendicular to wires A and B, a 
component of the drag will appear at scale F and will be interpreted as side 
force. Similar situations exist in regard to lift and drag & lift and side force. 
Since the lift is the largest force by far in typical aircraft complete model 
wind tunnel work, extreme care must be taken to ensure that it is orthogonal 
to the other components [3]. 

3.3 Moment Transfers 

Frequent use is made of the relations from engineering statics which give 
the rules for transferring forces and moments from on reference point to 
another. The rule is simple, but again the non-right-hand rule conventions 
as treated above sometimes lead to errors. If a system of forces produces a 
resultant force F and a resultant moment M1 relative to point 1, then an 
equivalent system acting at another point 2, is  

F2 = F1     (3.1) 

M2 = M1 – r12 * F1    (3.2) 

Where r12 is the vector from point 1 to point 2. The common use of this 
expression is to transfer moments from a balance centre to a reference of 
choice for a particular model. The Figure 3.3 shows the various reference 
frames used at different stages of this work. According to the figure the 
balance centre is located at the origin of coordinate system 4. The 
aerodynamic loads at the leading edge of the wing (coordinate system 2) 
have been re-calculated to the balance centre. The table 3.1 shows the loads 
at coordinate systems 2 and 4. 

Table 3.1. Loads at coordinate systems 2 and 4. 

 Coordinate system 2 Coordinate system 4 

Fx     [N] -2131 -2131 

Fy        [N] -1422 -1422 

Fz      [N] -30726 -30726 

Mx    [Nm] 16550 26229 

My    [Nm] 702 -7051 

Mz    [Nm] -138 -1168 
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Figure 3.3. Coordinate systems [4]. 
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3.4 Measuring Device 

Quartz, piezo-electric force sensors are chosen as the measuring devices for 
their exceptional characteristics in the measurement of dynamic force 
events. Piezo-force sensors operate on the principle of piezoelectricity 
which is the ability of certain crystals to generate a voltage in response to 
applied mechanical stress. The word is derived from the Greek piezein, 
which means to squeeze or press. 

The typical measurement of quartz force sensors includes dynamic and 
quasi-static forces. For dynamic force applications, quartz force sensors 
offer many advantages and several unique characteristics as follows: 

• Stiffness: With a modulus of elasticity between 11 and 15 *10 6 psi, 
quartz is nearly as stiff as solid steel. All quartz forces sensors are 
assembled with stacked quartz plates and stainless steel housings. 
This stiff structure offers an extremely fast rise time enabling 
response to, and accurate capture of, rapid force transient events. 

• Durability: Tough, solid state construction with no moving or 
flexing components ensures a linear response with durability and 
longevity for even the most demanding, repetitive cycling 
applications. 

• Stability:  The measurement characteristics of quartz are unaffected 
by temperature, time and mechanical stress, allowing for 
exceptionally repeatable, and uniform measurement results. 

• Small changes under large load: Quartz force sensors can measure 
small force fluctuations that are superimposed upon a large, static 
pre-load. The static load is ultimately discharged by the 
measurement system. 

• Overload survivability: Quartz force sensors can typically be used 
for conducting measurements that may exceed twice their normal 
range and can even survive as much as 15 times their rated capacity 
[5]. 

With all the above characteristics, the quartz sensors are ideally suited 
for this work.  
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4 Piezo Electric Balance used in ETW 

The newly developed piezo electric balance is the measuring tool used for 
aero elastic experiments with dynamic loads. It consists of an upper part 
which is fixed to the ceiling, a lower part to which is mounted the wing 
model under test and sandwiched between the upper and lower part are four 
piezo electric sensors These sensors are pre-stressed with 300kN and 
provided for measuring forces of ± 60kN in the cross plane and ± 100kN in 
the axial direction. Figure 4.1 shows the piezo electric balance. 

 

 

Figure 4.1. Piezo electric balance. 
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4.1 Piezo Electric Sensor 

The piezo electric balance uses three component force sensor FX, FY, FZ. 
The force sensor contains three pairs of quartz rings which are mounted 
between two steel plates in the sensor housing. Two quartz pairs are 
sensitive to shear and measure the force components FX and FY, while one 
quartz pair sensitive to pressure measures the component FZ of force acting 
on the sensor. Figure 4.2 shows the piezo electric sensor. 

 

 

Figure 4.2. Piezo electric sensor. 

The applications of piezo electric sensors are  

• Three orthogonal force measurement 

• Cutting forces 

• Impact forces 

• Dynamic forces on shakers 

• Determination of coefficient of friction 
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4.2 Types of Piezo Electric Sensors 

There are two types of piezo electric sensors used in this work. They are 
Type 9077B and Type 9078B. The technical data of both types are 
identical. The sensor types differ only in the position of coordinate system 
relative to the sensor case. When combining both types in a dynamometer 
with four sensors, the position of the coordinate system relative to the 
connectors can be chosen as desired. Figure 4.3 shows Type 9077B and 
9078B.  

 

Figure 4.3. Types of 3-component force sensors. 

The force sensor must be mounted under preload because the shear forces 
FX and FY are to be transmitted through static friction from the base and 
cover plate to the faces of the sensor. The necessary preload depends on the 
shear force to be transmitted. The measuring ranges indicated in the 
technical data are valid for the standard preload of 300kN.The sensor is 
preloaded with a centered preloading bolt. The cable outlet serves to orient 
the sensor. The preloading method allows a very compact mounting of 
dynamometers. A minimum overall height is obtained by recesses 
mounting of the ring nut. The figure 4.4 shows the preloading set [6]. 
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Figure 4.4. Preloading set. 

4.3 Wind Tunnel Assembly 

The complete wind tunnel assembly consists of wind tunnel balance which 
is connected with a containment including the wing clamping and hosting 
the vibration excitation mechanism.  The figure 4.5 shows the complete 
wind tunnel assembly. In order to alleviate the influence of the ceiling 
boundary layer of the wind tunnel, a fuselage substitute is provided around 
the wing. It will be fixed to a mounting plate at the turntable on the tunnel 
ceiling and will have no mechanical contact with the elastic wing model. A 
round arch labyrinth sealing is implemented on the fuselage substitute side 
about the wing root. 
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Figure 4.5. Complete wind tunnel assembly. 
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5 Structural Analysis Theory 

The structural analysis of the model is done with the help of static analysis 
and modal analysis. An overview of the theory is given below. 
 

5.1 Static Analysis 

Static analysis calculates the effects of steady loading conditions on a 
structure, while ignoring inertia and damping effects, such as those caused 
by time varying loads. Static analysis can however include steady inertia 
loads and time varying loads that can be approximated as static equivalent 
loads.  

Static analysis determines the displacements, stresses, strains and forces in 
structures or components caused by loads that do not induce significant 
inertia and damping effects. Steady loading and response conditions are 
assumed (i.e.) loads and structure’s response are assumed to vary slowly 
with respect to time. The types of loading that can be applied in a static 
analysis include: 

• Externally applied forces and pressures 

• Steady state inertial forces 

• Imposed displacements 

• Temperatures 

 

5.1.1 Governing Equation of Static Analysis 

The overall equilibrium equations for linear structural static analysis are  

[K] {u} = {F}    (5.1) 

Or 

[K] {u} = {Fa} + {Fr}    (5.2) 

Where  

[K] : Total stiffness matrix 

{u} : Nodal displacement vector 
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 N : Number of elements 

{Fr} : Reaction load vector 

{Fa} : Total applied load vector 

The solution of the equation (5.2) gives the displacements and the stresses 
can be calculated from that [7]. 

5.2 Modal Analysis 

The usual first step in performing a dynamic analysis is determining the 
natural frequencies and mode shapes of the structure with damping 
neglected. These results characterize the basic dynamic behaviour of the 
structure and are an indication of how the structure will respond to dynamic 
loading. 

There are many reasons to compute the natural frequencies and mode 
shapes of a structure. One reason is to assess the dynamic interaction 
between a component and its supporting structure. For example, if a 
rotating machine, such as an air conditioner fan, is to be installed on the 
roof of a building, it is necessary to determine if the operating frequency of 
the rotating fan is close to one of the natural frequencies of the building. If 
the frequencies are close, the operation of the fan may lead to structural 
damage or failure. Decisions regarding subsequent dynamic analyses (i.e., 
transient response, frequency response, response spectrum analysis, etc.) 
can be based on the results of a natural frequency analysis. The important 
modes can be evaluated and used to select the appropriate time or 
frequency step for integrating the equations of motion. Similarly, the results 
of the eigen value analysis-the natural frequencies and mode shapes can be 
used in modal frequency and modal transient response analyses.  

The results of the dynamic analyses are sometimes compared to the 
physical test results. A normal modes analysis can be used to guide the 
experiment. In the pre-test planning stages, a normal modes analysis can be 
used to indicate the best location for the accelerometers. After the test, a 
normal modes analysis can be used as a means to correlate the test results to 
the analysis results. 

In summary, there are many reasons to compute the natural frequencies and 
mode shapes of a structure. All of these reasons are based on the fact that 
real eigen value analysis is the basis for many types of dynamic response 
analyses. Therefore, an overall understanding of normal modes analysis as 
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well as knowledge of the natural frequencies and mode shapes for your 
particular structure is important for all types of dynamic analysis. 

 
5.2.1 Natural Frequencies 

The natural frequencies of a structure are the frequencies at which the 
structure naturally tends to vibrate if it is subjected to a disturbance. For 
example, the strings of a piano are each tuned to vibrate at a specific 
frequency. Some alternate terms for the natural frequency are characteristic 
frequency, fundamental frequency, resonance frequency and normal 
frequency.  

5.2.2 Mode Shapes 

The deformed shape of the structure at a specific natural frequency of 
vibration is termed as normal mode of vibration. Some other terms used to 
describe the normal mode are mode shape, characteristic shape, and 
fundamental shape. Each mode shape is associated with a specific natural 
frequency. 

5.2.3 Governing Equation of Modal Analysis 

The solution of the equation of motion for natural frequencies and normal 
modes requires a special reduced form of the equation of motion. If there is 
no damping and no applied loading, the equation of motion in matrix form 
reduces to  

[M] {ü} + [K] [u] = 0    (5.3) 

Where 

[M] : Mass matrix 

[K] : Stiffness matrix 

This is the equation of motion for undamped free vibration. To solve 
equation 5.3 assume a harmonic solution of the form 

{u}= {φ} sinωt    (5.4) 

{φ} : Eigen vector or mode shape 

ω : Circular natural frequency 
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If differentiation of the assumed harmonic solution is performed and 
substituted into the equation of motion, the following is obtained: 

-ω2[M] {φ} sinωt + [K] {φ} sinωt = 0  (5.5)                      

After simplifying the equation (5.5.) becomes 

([K]-ω2 [M] {φ} = 0    (5.6) 

This equation is called the eigenequation, which is a set of homogeneous 
algebraic equations for the components of the eigenvector and forms the 
basis for the eigenvalue problem. An eigenvalue problem is a specific 
equation form that has many applications in linear matrix algebra. The 
basic form of an eigenvalue problem is 

[A-λ I] x = 0    (5.7) 

Where 
A : square matrix 

λ : eigenvalues 

I : identity matrix 

x : eigenvector. 

The solution of the equation (5.7) results in eigen frequencies and eigen 
modes [7]. 
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6 Structural Analysis 

The analysis of the balance design is carried out with the FE codes ANSYS 
and MSC Nastran/Patran. Patran is the pre- and post processor. Nastran is 
the solver. Modal analysis without modelling the bolt preload was carried 
out in Patran 2005. Since ANSYS 10.0 has the possibility to easily model 
bolt preloads, a linear static analysis with prestress effects and a prestressed 
modal analysis is carried out with it. 

6.1 Analysis Background 

In order to perform FE analysis, CAD geometry of the model is needed. 
The geometry of the upper and lower part of the balance has been done in 
CATIA and imported as IGES files, which is a neutral file format that can 
be recognised by any FE software. The upper and lower parts of the balance 
are made of steel alloy 42CrMo4. The properties of this alloy are: 

• Tensile Strength  : 1000 N/mm2 

• Yield Strength  : 800 N/mm2 

• Shear Strength : 400 N/mm2 

• Young’s Modulus : 210,000 N/mm2 

• Poisson’s ratio  : 0.3 

• Density : 7900 Kg/m3 

The pre-loading set is simplified by modelling a simple bolt made of steel 
with a circular bolt head with an overall length of 105 mm. The diameter 
and the thickness of the bolt head are 75 mm and 33 mm respectively. The 
diameter of the bolt shank is 40 mm i.e. M40 bolt. Such a pre-loaded bolt is 
estimated to experience a mean tensile stress of 320 MPa and a shear stress 
of 48 MPa, according to hand calculations presented in appendix A. The 
expected mean stress level is well below the yield strength of the bolt 
material.  

Now the geometry of the peizo force sensor has to be realized for the FE 
analysis. Since the geometry of the sensor is quite complex with three pairs 
of quartz rings which are mounted between two steel plates in the sensor 
housing, the help of the firm KISTLER, the manufacturer of the piezo 
sensor was sought. They provided a simplified 3D model made only of 
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steel, the dimensions of which are modified so that the model has the same 
rigidity as the original piezo sensor. The figure 6.1 shows the original 
geometry of peizo. 

 Figure 6.1. Original geometry of peizo. 

 

The figure 6.2 shows the modified geometry. 

Figure 6.2. Modified geometry of peizo. 

Based on the inputs of the firm KISTLER, the model was later created in 
Pro-Engineer, a 3D CAD system. The upper part, lower part, bolts and 
piezo sensors are made into an assembly and imported as IGES file. 
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6.2 Force Distribution in lower Part of Balance 

 

 
Figure 6.3. Force distribution through fastening screws and dowel pins on 

lower part of balance. 

The forces and moments acting on the wing are transmitted to the balance 
through a flange. The flange is attached to the balance by means of dowel 
pins and screws. According to the design guidelines of ETW, it has been 
decided that shear forces can be transferred through dowel pins and normal 
forces through screws. But it should be expected that the pins should 
preserve alignment under force-fit conditions and retain parts relative to 
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each other i.e. locate [8]. Also it should be expected that the friction force 
on the clamped surfaces and the screws should take the main shear load and 
the pins should only slightly assist. But that is not the case here. It is 
expected to carry on the analysis according to the design guidelines of 
ETW. The figure 6.3 shows the force distribution through fastening screws 
and dowel pins on lower part of balance. In the figure, A and B are called 
dowel pins. Pin A transfers both X and Z component of force and Pin B 
transfers only X component only because it has an elongated hole in the Z 
direction. The screws are numbered from 1 to 14. The screws 1 to 7 take 
compressive forces and screws 8 to 14 take tensile forces. 

6.3  Static Analysis 

Static analysis is done to study the flexibility of the balance. The stress 
levels and the deflections of the balance as a whole and the constituent 
parts are obtained as a result of the static analysis. 

6.3.1 Pre-processing  

The following explains steps involved in static analysis pre-processing: 

• Import the CAD geometry. 

• Glue all the volumes together. (The gluing is different from adding 
the volumes as the common surfaces at the interfaces will be 
retained and the volumes behave as individuals. After gluing the 
volumes, they are meshed with a global edge length of 15mm. With 
the available resources, only a coarse mesh was possible.) 

• Element type used is solid 92 which is a tetrahedral volume element 
with mid side nodes. 

• Apply the material properties Young’s modulus and Poisson’s ratio. 

• Apply a pretension of 300 KN to the bolts. 

• Constrain the bolt head and the bottom along the bolt axis i.e. in the 
X direction. 

• Constrain the top surface of the upper part in all the degrees of 
freedom. 

• Apply the loads by creating rigid elements in the screw holes found 
in the bottom of the lower part. 
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6.3.2 Pre-loading Procedure  

There are three ways in which users can model preloaded bolts in ANSYS.  

1. Use of Thermal Strain to Model Preload. 

2. Use of Interference to Model Preload. 

3. Use of PRETS179 to Model Preload. 

Methods 1 and 2 are trial and error methods. They require a lot of iterations 
to determine an appropriate strain to induce the correct preload. With the 
PRETS179 element, this is not needed since a user directly inputs the 
preload as a force; this is information which is readily available to the 
analyst. 

To implement the PRETS179 element, command PSMES is used. The 
figure 6.4 shows the dialog box of PSMES command.  

Figure 6.4. Dialog box of PSMES command. 
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After giving inputs in the above dialog box, go to the “SOLUTION” page 
and follow the path:   
SOLUTION<DEFINE LOADS<APPLY<STRUCTURAL<PRETENSION. 
Then the following dialog box shown in figure 6.5 appears. 

Figure 6.5. Dialog box for pretension section loads. 

The nodes situated in the bolt head and the bottom is constrained in the 
bolt axis direction i.e. in the X direction as shown in the figure 6.6. [9] 
[10]. 
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Figure 6.6. Axial constraints applied on the top and bottom of the bolt. 

6.3.3 Load application 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Boundary conditions of the model. 

The figure 6.7 shows the boundary conditions applied to the model. It can 
be seen that the clamping of the upper part of the balance is realised by 
constraining all degrees of freedom of the nodes situated on the top surface 
of the upper part. The axial constraints applied on each of the four 
preloading bolts can also be seen. The red arrows indicate the applied 
forces on the lower part of the balance. 
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Many times spider web of line elements or constraint equations are used to 
simplify the application of a force or moment load. For example, we can 
simulate a bolt load on a hole without explicitly modelling the bolt by 
applying the load at a node at the appropriate point in space, and then 
connecting that node to the nodes on our hole. The connection could be 
with constraint equations using CERIG or RBE3, or with stiff beam or link 
elements. Beam and link elements work well for large rotations, but we 
have to apply real constants to input large stiffness values as well as cross 
sectional and inertia properties. The MPC184 element uses the beam/link 
approach, but takes care of the stiffness and cross sectional properties 
automatically. 

The use of MPC184 is simple. We just create a “master” node in space, 
typically where our load is to be applied. Then we create the MPC184 
elements from that master node to the desired nodes on our part. There are 
two options for MPC184: 

Key opt (1) =0 is for rigid link behaviour (default, translational DOFs only)  

Key opt (1) =1 is for rigid beam behaviour (translational plus rotational 
DOFs. Since all the moments have been transferred to forces the Key opt 
(1) is used to apply the loads. The figure 6.8 shows the simulation of a bolt 
load on a hole. 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. Simulation of bolt load on a hole. 

Bolt hole circumference 
and the rigid element 
(MPC184) to connect it. 

Apply the force at the 
centre node in the 
corresponding direction 
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After building the FE model and application of boundary conditions and 
loads, the model is solved by performing static analysis with “Pre-stress 
option – ON” in the solution control page. This step is important to include 
the pre-stress effects in the static analysis results. Then the model is solved 
for displacements and stresses. 

6.3.4 Results 

Deflections in the balance may move the model from the resolving centre 
and invalidate the moment data or nullify the balance alignment, so that 
part of the lift appears as drag or side force. In order to rectify the problem 
either the deflections must be kept down to negligible or they must be 
evaluated and accounted in the workup. The allowable deflection is 2 mm 
according to the design team of ILB. The results of the static analysis of the 
considered balance show a maximum deflection of 0.082421 mm, which 
occurs in the hole of pin B in the direction of wind. This can be considered 
negligible deflection when compared with the allowable deflection. The 
figure 6.9 shows deflection. 

Figure 6.9. Deflection of balance. 
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The figure 6.10 shows the von Mises stress distribution of the balance. The 
results show that a maximum stress of 979.37 N/mm2 occurs around the 
hole of the dowel pin B which plays a bigger part in holding the flange to 
the balance according to the assumption made by ETW. This stress is above 
the yield strength and close to the tensile strength of the material. So it is 
expected of the pin B to yield and result in plastic deformation. The stress 
on the other parts of the balance is well below the allowable stress. This can 
be seen from the figures 6.11, 6.12, 6.13 and 6.14 showing the stress 
distribution on the bolts, piezos, upper part and lower part. Except for the 
Pin B, under the given conditions the model has exhibited a linear 
behaviour. But the very high stresses around the pinhole shows that the 
mounting of the balance is as important as its strength. Therefore it is 
recommended of the ETW to review the role of pins and the shear force 
distribution in the balance. It is also expected of them to take friction into 
account between the lower part of the balance and the flange following it. 

Figure 6.10. Stress distribution of the balance. 
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It can also be observed from figure 6.11 that the maximum value of von 
Mises equivalent stress on the bolts is 20.808 MPa  which is very less  
compared to the stress values obtained by hand calculations. This is 
because in the FE model a very simple constraint i.e. only an axial 
constraint was applied to the pre-loading bolts. More realistic constraints as 
explained in appendix B should have been applied to make the bolt 
connections rigid. But it will be time consuming because each and every 
node at the interface surfaces has to be picked manually. The presence of 
many interface surfaces and the fact that there is no possibility to make use 
of the symmetry of the structure has simply lead to the situation in which 
only an axial constraint was applied to the preloading bolts. As a result the 
bolt connection is not as rigid as it is expected to be. Hence the obtained 
stress values of pre-loading bolts are strange. 

Figure 6.11.Stress distribution on the bolts.  
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Figure 6.12. Stress distribution on the piezos. 

 

 

 

 

 

 

 

 

 
Figure 6.13. Stress distribution on the upper part. 
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Figure 6.14. Stress distribution on the lower part. 

6.4 Pre-stressed Modal Analysis 

The modal analysis is carried out to study the frequency characteristics of 
the balance. The effect of prestress on the eigen frequencies is to be studied 
by performing modal analysis with and without prestress. 

6.4.1 Pre-processing  

It is planned to perform the modal analysis on the pre-stressed model in 
ANSYS. This is called pre-stressed modal analysis. The same ansys 
database file Jobname.db that has been used for the static analysis is used 
for pre-stressed modal analysis. The additional input given is the density of 
the material. In the solution page, modal analysis is chosen as analysis type 
and in the analysis option page “Include pre-stress option” is turned on. It 
is made sure that the Jobname.emat and Jobname.esav obtained as a result 
of static analysis are also in the working directory. Doing the above step 
will automatically consider the static analysis results as a basis for the 
modal analysis. All the preloading and loading procedure is similar to the 
static analysis described in section 6.3.2 and 6.3.3.  
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6.4.2 Results 

In the modal analysis, first two modes are extracted. The wing model has to 
be excited for a frequency of 400 Hz. So it is important that the natural 
frequencies of the balance should be above 400 Hz in order to avoid any 
resonance. The resonance not only damages the structure but also affects 
the measurement and can lead to error prone results. The figure 6.15 and 
6.16 shows the first two eigen modes. The table 6.1 shows the obtained 
eigenfrequencies. The first mode is the bending mode and the second one is 
the ovulation of the lower part. 

Table 6.1. Modes and their corresponding frequencies. 

Modes  Frequency 

Mode 1 937.66 Hz 

Mode 2 1407.2 Hz 

 

 

 

 

 

 

 

 

  

 

Figure 6.15. Mode 1. 

 

Figure 6.15. Mode 1. 
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Figure  6.16. Mode 2. 

6.5 Modal Analysis without Prestress 

6.5.1 Pre-processing  

Modal analysis without pre-stress is done in MSC Nastran/Patran. The 
CAD geometry of the upper part, lower part and piezos are imported. The 
volumes are added together by Boolean operation and made as one entity. 
With a global edge length of 10 mm, the volumes are meshed with 
tetrahedral volume elements. The element topology is TET4, meaning no 
mid nodes. The top surface of the upper part is constrained in all the three 
translational degrees of freedom. The Young’s modulus, Poisson’s ratio 
and density of the material are applied in the material properties form. The 
model is solved for the first three Eigen modes. 
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6.5.2 Results 

First three modes are extracted. The results show that the Eigen frequencies 
of the balance without prestress are also above the wing excitation 
frequency of 400 Hz. Hence the structure does not resonate under the given 
conditions. The figures 6.17, 6.18 and 6.19 show the first three Eigen 
modes. The table 6.2 shows the obtained Eigen frequencies. The first two 
modes are the bending modes in the axes perpendicular to the axis of the 
balance with nearly the same frequency. The third one is the ovulation of 
the lower part. 

Table 6.2. Modes and their corresponding frequencies. 

Modes Frequency 

Mode 1 852.41 Hz 

Mode 2 852.91 Hz 

Mode 3 1279.2 Hz 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17. Mode 1. 
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Figure 6.18. Mode 2. 

Figure 6.19. Mode 3. 
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6.6 Comparison of Modal Analyses Results 

Two cases of modal analyses with and without pre-stress have been done. 
In the both the cases the Eigen frequencies of the balance are higher than 
the wing excitation frequency of 400 Hz. In any case the structure does not 
resonate and it is stiff. It can be observed that pre-stress has made the 
balance stiffer as there is a 10% increase in the Eigen frequencies after 
applying the pre-stress. The table 6.3 shows the comparison of Eigen 
frequencies with and without pre-stress.  

Table 6.3. Eigen frequencies with and without pre-stress. 

Modes Eigen frequencies with 
pre-stress 

Eigen frequencies 
without pre-stress 

Mode 1 937.66 Hz 852.41 Hz 

Mode 2 1407.2 Hz 852.91 Hz 

Mode 3  1279.2 Hz 

 

From the results of both the cases with and without prestress, it can be seen 
that the prestress and static loads have no effect on the mode shapes. The 
first two bending modes without prestress are comparable to the first 
bending mode with prestress. Both the third mode without prestress and the 
second mode with prestress are the ovulation of lower part. 

Only the frequencies are slightly higher (proportional to the load) in the 
case of pre-stressed modal analysis. Because of the higher stiffness the 
eigenfrequency is higher. 
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7 Conclusion 

Static and modal analysis are performed to investigate the strength, 
stiffness and dynamic characteristics of a piezo-electric force balance, and 
to identify a work procedure for analysis of structures considering also 
preloaded bolts. 

From the static analysis, the deflection of the model is found small enough 
to be considered and it can be concluded that it does not affect the 
measurement. The stress results show that while the other parts of the 
balance are safe, there is a very high stress concentration around one of the 
pinholes. So it is recommended that the ETW review the role of the pins as 
the main carrier of shear forces. It would be expected of ETW to consider 
the friction between the connecting parts and the screws to take the main 
shear load and only slightly assisted by the pins. In that case a more 
detailed analysis can be performed by modeling the flange and taking the 
friction into account between the lower part of the balance and the flange 
following it. 

The modal analyses have been done with and without pre-stress. In both 
cases the first Eigen frequency is twice as much as the excitation frequency 
of the wing model. So any possibility of resonance phenomenon has been 
avoided. As the frequency is proportional to the square root of the stiffness, 
the obtained very high Eigen frequencies indicate that the structure is very 
stiff as it is expected to be. Even though there is a 10% increase in the 
Eigen frequencies after applying the pre-stress, it can be concluded that the 
balance itself is stiff by its construction. Considering the results of static 
and modal analysis, it can be concluded that the balance developed for the 
purpose of aero elastic experiments satisfies the strength and stiffness 
conditions required. 

A linear connectivity between the clamped substructures was applied in the 
identified working procedure for analysis of the structure including 
pretensioned bolts.  

Another concern is that the piezo sensors usually are very sensitive to 
forces transverse to the main measurement direction. Possible effects of this 
phenomenon should be taken into consideration in further investigations of 
the balance performance.  
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The simulation can be further carried on with a more detailed modelling of 
the interface surfaces. It is possible to use node coupling and constraint 
equations to model the required rigid connections at the interfaces. But it 
will be time consuming and it is a lot of manual work mainly due to the fact 
that model has so many interface surfaces and there is no possibility to 
make use of the symmetry of the structure to reduce the effort. 

A more realistic simulation can be performed by considering the friction 
and contact surfaces, which will lead to a very expensive contact analysis. 
Contact problems are highly non-linear and require significant computer 
resources. It is important that the physics of the problem has been 
understood correctly to set up and run the model efficiently 

Contact problems present two significant difficulties. Firstly, the regions of 
contact are not known until the model has been run. Depending upon the 
loads, material, boundary conditions and other factors surfaces come in and 
go out of contact in a largely unpredictable and abrupt manner. Secondly 
most contact problems need to account for friction. There are several 
friction laws and models to choose from and all are non-linear. Frictional 
response can be chaotic, making solution convergence difficult. Moreover 
to obtain the frequency characteristics under such conditions will lead to a 
transient response analysis, which is out of the scope of this work. 

Given the time and significant computer resources, the simulation of the 
model can be run by making use of coupling and constraint equations or 
contact technology or the combination of both to get more realistic results. 

Based on the analysis results, a few measures have been suggested to 
enhance the design of the balance. But it is left up to the ETW and ILB to 
consider them or take it into account. 

 

 



 45

8 References 

1 J.Ballmann, (2005), The Hirenasd elastic wing model and aero elastic 
test program in the European transonic wind tunnel, RWTH Aachen 
University. 

2 Wright, (2000), Half Model Testing at ETW, Technical Memorandum 
ETW/TM/2000028, Köln. 

3 Rae Pope (1984), Low speed wind tunnel testing. 

4 Dipl.-Des.Manfred Teumer, CAD, ILB, RWTH Aachen University, 
Germany. 

5 http://www.adm-
messtechnik.de/images/content/zulieferer/pcb_force_katalog.pdf 

6 www.kistler.com 

7 www.mscsoftware.com 

8 Joseph E.Shigley and Charles R.Mischke (2003), Mechanical 
engineering design. 

9 Srinivas Reddy, (2003), Solving Bolt Pretension Problems using 
MSC.Marc. 

10 Srinivas Reddy, (2004), Bolt pretension problems using beam elements 
in NASTRAN Sol600. 

11 Dr.Ing.Jens Krieger, Technical Manager, I.S.A.tec Engineering GmbH, 
Aachen, Germany. 

12 http://support.rz.rwth-
aachen.de/rwth_intern/ANSYS/9.0/ansys/g_mod90.pdf 

 

 

 

 



 46

Appendix A.  

Stress Calculations for Preloading Bolt 

Maximum allowable Axial Load, PA     =100 KN 

Pre-load, PL                                                                =300 KN 

Total axial load on bolt, P                     = PA+ PL 

                                                              =300+100 

                                         =400 KN 

Diameter of the bolt, d                          = 40 mm 

Area of cross section of the bolt, a       = π*d2/4 

                                          = π*402/4 

                     = 1256.637 mm2 

Mean tensile stress,σ                             = P/a 

                     = 400*103/1256.637 

                     = 318.309 N/mm2 

                    ≈ 320 MPa 

Maximum allowable shear force, Q     = 60 KN 

Shear stress,τ                                        = Q/a 

                                                             = 60*103/1256.637 

                    = 47.746 N/mm2 

                    ≈ 48 MPa 
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Appendix B.  

Detailed Modelling of Constraints 

 
Figure B.1.Detailed modelling of Constraints [11]. 

To make the bolt connection rigid a detailed modelling of the constraints as 
shown in the figure B.1.have to be done in the FE model. In the FE 
software ANSYS using the option node coupling, this kind of detailed 
modelling of constraints is possible. When you need to force two or more 
degrees of freedom (DOFs) to take on the same (but unknown) value, one 
can couple these DOFs together [12].  

To start with, a cylindrical coordinate system is needed to be defined for 
each bolt. Nodes at the interfaces should be coupled as explained in the 
figure B.1. in order to arrest any possible translational and rotational 
movements. Doing this procedure will result in rigid connections at the 
interfaces. 
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