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Abstract: In low pressure turbine stages, adjacent blades are coupled to each other at their tip by
covers, called shrouds. Three-dimensional periodic contact forces at shrouds strongly affect the
blade vibration level as energy is dissipated by friction. To validate contact models developed for
the prediction of nonlinear forced response of shrouded blades, direct contact force measurement
during dynamic tests is mandatory. In case of shrouded blades, the existing unidirectional and bi-
directional contact force measurement methods need to be improved and extended to a tri-directional
measurement of shroud contact forces for a comprehensive and more reliable validation of the shroud
contact models. This demands an accurate and robust measurement solution that is compatible with
the nature and orientation of the contact forces at blade shrouds. This study presents a cost effective
and adaptable tri-directional force measurement system to measure static and dynamic contact forces
simultaneously in three directions at blade shrouds during forced response tests. The system is based
on three orthogonal force transducers connected to a reference block that will eventually be put in
contact with the blade shroud in the test rig. A calibration process is outlined to define a decoupling
matrix and its subsequent validation is demonstrated in order to evaluate the effectiveness of the
measurement system to measure the actual contact forces acting on the contact.

Keywords: turbine blade vibrations; blade shrouds; friction damping; contact force measurement;

force sensors

1. Introduction

In low pressure turbine (LPT) stages, high static loads caused by centrifugal forces
and oscillating forces of working fluid result in highly pre-stressed forced vibrations [1].
In order to avoid high cycle fatigue (HCF), there is a need to estimate and reduce these
vibration amplitudes. Friction damping is commonly utilized in turbomachinery [2] in
the form of under platform dampers, snubbers, and shrouds to reduce the blade vibration
amplitude at resonance due to its efficacy, simplicity, and reliability. In case of shrouded
blades, friction forces act at the blade tip, where adjacent blade covers, called shrouds,
are in contact with each other (Figure 1). Each blade shroud has therefore two contact
surfaces, where tangential relative displacements determine stick/slip phenomena [3]. The
frictional contact surfaces are characterized by hysteresis loops that indicate the variation
of tangential contact forces with respect to relative displacements. The area bounded by the
hysteresis loop depicts the energy dissipation at the contact surface and the slope of hys-
teresis loop defines the contact stiffness. These two parameters, i.e., the dissipated energy
and contact stiffness influence the dynamic characteristics of the shrouded blade assembly.
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Figure 1. Shrouded blades (left) and the shroud contact surfaces (right).

For the numerical prediction of LPT blade response levels, contact models [4-6]
are implemented in nonlinear solvers for forced response analysis whose experimental
validation is mandatory to describe the contact parameters accurately. For shrouded blades,
the experimental validation is usually performed in test rigs where one blade is put in
contact with supports that simulate the adjacent blades. Numerous experimental test
rigs were developed where the dynamic response of the shrouded blades in contact was
measured [7-13]. These studies emphasized on the measurement of displacements or
accelerations along with the excitation forces to compute and analyze the effects of shroud
contacts on vibration amplitudes and resonant frequencies. Although these methods are
useful to assess the advantages offered by the shrouded blades with respect to friction
damping, they do not provide a complete in-depth understanding of the dynamic behavior
at the shroud contacts, as they do not measure the contact forces.

On the other hand, several experimental test rigs were developed to facilitate the
measurement of unidirectional [14-17] and two directional contact forces [18,19] for flat
contact surfaces and under platform dampers under laboratory conditions. Apart from
the dynamic response, these techniques were useful in measuring the contact parameters,
i.e., the coefficient of friction and the contact stiffness of two surfaces in contact. While the
two directional contact force measurement methods are limited to one normal component
and one tangential component, this is not enough for shrouded blades due to the three-
dimensional characteristics of shroud contacts. For this reason, the second orthogonal
tangential component should also be measured. Therefore, the measurement of three
directional contact forces is mandatory for a detailed representation of the shroud contact
parameters and is essential for a more reliable experimental validation of the simulation
tools and its effect on the system dynamics. Such an experimental setup that allows
simultaneous measurement of the response of the blade and three directional contact forces
between the blade shroud and adjacent supports has not yet been studied and implemented
to the authors’ knowledge. Hence, this study will present a design of a force measurement
system capable of measuring contact forces in three directions that will be integrated in an
experimental test rig to accommodate a shrouded blade with two shroud contacts.

Design considerations for the tri-directional contact force measurement relies on the
nature of the contact forces and the orientation of contact forces in vibrating blades de-
pends on the vibration mode being investigated. Therefore, when multiple resonances are
investigated, two types of tri-directional force measurement systems can be considered, i.e.,
(i) a multi-axis force sensor; (ii) a set of single axis force sensors mechanically connected to
each other which is proposed in this study. Multi-axis force sensors are being broadly used
in aerospace and automation industries these days. However, the commercially available
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multi-axis force sensors are very expensive and can be intricate considering their mounting
requirements and calibration with respect to the shrouded blades. Alternatively, numer-
ous studies have been carried out on the development of multi-axial force measurement
technologies [20-28] that involved different arrangements of multiple strain gauges and
various designs of the load transferring elements to achieve valued outcomes. Similarly,
several three directional contact force measurement systems have been studied and imple-
mented for different applications like surgical robots [29], tactile sensors [30,31], clinical
examination [32], and measurement of ground reaction force (GRF) [33,34]. Nevertheless,
the dimensions of most of these multi axial force sensors are not small enough to be placed
in the constricted space where the blade shroud contact forces must be measured. Other
multi-axis load cells lack the dynamic characteristics required to measure the periodic
contact forces acting on the blade shroud. On the other hand, to achieve the required
accuracy, reliability, and robustness, the set of single axis sensors and the elastic structure
on which they are mounted on must be carefully designed [20].

Multiple axis force sensors can be constructed or arranged in a way that they can
be mechanically decoupled or mechanically coupled. In mechanically decoupled force
sensors, the applied loads are directly measured as the output of the sensor, i.e., minimum
or no crosstalk. However, their complex geometry results in manufacturing complica-
tions. Mechanically coupled force sensors on the other hand also measure lateral force
components upon load application requiring the computation of a decoupling matrix to
obtain the actual loads. This also means that they can be designed with simple geome-
tries [21]. Hence, an important design aspect to be considered is that the precision of a
multi-axis force measurement system (both multi axis sensor and set of uniaxial force
sensors mechanically connected) significantly depends on the configuration of force sens-
ing components and minimization of errors arising due to coupling or noise. Therefore,
accuracy must be ensured during the calibration process of a multi-axis force measurement
system that involves logging the measured values corresponding to the known load set.
In view of all the above-mentioned factors and limitations, it is necessary to design an
accurate and robust measurement solution and test an alternate decoupled multi-axial
force sensing method of combining three uniaxial force sensors capable of measuring the
three orthogonal components of shroud contact forces simultaneously during the dynamic
forced response tests of shrouded blade.

The purpose of this study is to analyze the effectiveness of a cost effective and adapt-
able design configuration, calibration and decoupling process of a tri-directional force
measurement system comprising of three uniaxial force sensors arranged orthogonally,
that would be employed to measure static and dynamic shroud contact forces applied in
three orthogonal directions simultaneously. The efficacy of orthogonal arrangement of the
force sensors in a tripod configuration to reduce the mechanical coupling is investigated.
The usefulness of the calibration procedure followed by the decoupling method to improve
accuracy is also evaluated. Finally, the results are used to determine the feasibility of the
proposed tri-directional force measurement system to measure shroud contact forces.

2. Sensor Configuration Setup

The tri-directional force measurement system under study has been developed for
being installed in a customized test rig for the shroud contact force measurement during
blade forced response tests, as shown in Figure 2.
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Force Sensors

Shroud Contact Reference Block

Blade
Figure 2. Blade shrouds in contact with force measurement system in the proposed test rig.

The force measurement system consists of three strain gauge based uniaxial force
sensors HBM U9C (0.5 kN) assembled in a tripod configuration having three mutually
orthogonal branches, where each branch will include a force sensor attached to a contact
reference block on one end and collar link on the other. In the proposed test rig, the blade
shrouds will be in contact with the contact reference block that is especially designed with
a contact surface centrally aligned with the shroud contact surface. The three branches will
be fixed to the test rig frame with the help of three collar links. As a whole, two of these
force measurement systems based on the tripod sensor configuration will be installed in
the test rig for each blade shroud end.

A single force sensor of this type is compact and can measure both tensile and com-
pressive forces. Because of its high stiffness and high natural frequency, it can measure
static as well as dynamic forces applied in axial direction with good accuracy and minimum
crosstalk. Due to the design of the configuration and the nature of the contact forces being
3D point forces, it is assumed that the bending moment is negligible.

For the calibration of the force measurement system, the tripod sensor configuration
was fitted on a two walled frame with bolted base, as shown in Figure 3a, with the following
configuration: Sensor 1/ /x-axis, Sensor 2/ /y-axis, Sensor 3/ /z-axis). Each force sensor
was connected to a cube instead of the contact reference block to be used in the proposed
test rig. This was done in order to facilitate the application of forces in the axial direction
of the sensors by using deadweights and wire-pulley systems during the calibration. The
other end of the force sensor was screwed in collar link which was then connected to a
wall. Two different types of collar links were used and tested (Figure 3b), i.e., locknut
collar and necked collar, in order to assess their effect on the mechanical coupling of the
three branches, and therefore on the measurement accuracy. The locknut collar link was
assembled using a standard M5 bolt screwed in an extended locknut whereas the necked
collar consisted of a slender section machined in cylinder attachment to cater for the lateral
component of the force and allow bending.
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(b)

Figure 3. (a) Force sensors in tripod configuration, (b) Locknut Collar (above) and Necked collar (below).

3. Calibration
3.1. Calibration Setup and Procedure

In order to check the feasibility of the proposed measurement system, a classical
calibration procedure was performed to assess the level of mechanical coupling between
the three branches and to define a decoupling matrix to be used during the experiment
to measure actual contact forces. For the calibration, three wire-pulley systems were
setup to apply tensile forces in the axial direction of each sensor with the help of dead
weights. The dead weights were suspended with wires over pulleys, connected to hooks
that were fastened on the face of the cube opposite to the face where the force sensor
was attached as seen in Figure 3a. The measurement setup consisted of HBM QuantumX
MX410 measurement amplifier that was used with MX Assistant software to acquire and
record force sensor output values. HBM QuantumX MX410 was used because it is a highly
dynamic 4-channel data acquisition module that offers high precision with accuracy class
of up to 0.05%, high resolution of up to 200 kS/s and noise suppression capabilities using
the Bessel filter. The force measurements were acquired at the rate of 4800 Hz.

The calibration procedure involved sequential application of pure forces in the form
of known loads in one direction at a time using a set of dead weights with no eccentricity.
Before the loads were applied, all the force sensors were reset and zeroed after the mounting
and assembly. The weights suspended using the wire-pulley systems, were then gradually
increased with a fixed force interval from 0 to 100 N and sensor output values were
recorded for each force sensor for each orthogonal direction. Only tensile forces were
applied to each force sensor assuming linear behaviour in both the axial directions. The
calibration procedure was carried out for the measurement system with locknut collar
links and necked collar links alternatively. In order to investigate the repeatability of force
measurement system, the calibration procedure was also repeated after disassembling and
reassembling the calibration setup.

3.2. Calibration Matrix

It is expected that, due to the mechanical coupling between the three orthogonal
branches, a linear relationship between the measured force values {F*} = (F, F, F3)T and
the actual applied loads {F} = (Fy, Fy, Fz) T canbe expressed as

{F"} = [CI{F} 1)
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where [C] represents the 3 x 3 calibration matrix in this case and can be defined as follows:

F (Fy) Fl(Fy) F(F)
[Cl= | B(E) E(F) E(E)
F3(Fy) F3(Fy) F(E)

where Fj, F,, and F; represent the force measured by Sensor 1, Sensor 2, and Sensor
3, respectively, when load i.e., Fy, F,, or F; was applied along the x-axis, y-axis, and
z-axis, respectively. The columns of the calibration matrix were determined using the
sensor output values recorded during the calibration procedure. In other words, when Fy
was applied the coefficients of the first column of [C] were determined and so on for the
remaining columns. The above mentioned calibration procedure was performed at multiple
force levels obtaining a set of calibration matrices whose coefficients can be interpolated to
determine the calibration matrix for a given load.

3.3. Calibration Results

Results of calibration procedure exhibit a linear relationship between applied and
measured loads, as shown in Figures 4 and 5, that refer to locknut and necked collar
links respectively. As summarized in Table 1, where the average normalized calibration
matrices are shown with standard deviation stated in parenthesis, the mechanical coupling
between the branches of the measurement system is very low (less than 4% in the worst
case). In particular, the necked collar link, more flexible in the transverse direction than
the locknut, shows better performances with a lower coupling. The standard deviation for
measurements with necked collar link were lower as compared with the locknut collar link.
In case of a perfect decoupling between the sensors, the matrices shown in Table 1, would
be diagonal with 100% values along the main diagonal.

Force measured (N)

Load applied (N)

Figure 4. Calibration plot for system with locknut collars.
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Figure 5. Calibration plot for system with necked collars.

Table 1. Calibration matrices indicating distribution of loads applied in the directions x, y, and z onto
sensors 1, 2, and 3. Locknut collar and necked collar cases.

Averaged Percentage—% (Standard

Deviation) Applied Loads
Lock Nut Collar Link F, Fy F,
F 98.12 (0.61) 0.17 (0.17) 2.61(0.2)
Mgalft“rsi 1(:5/“)“ F 3.89 (0.065) 99.89 (0.91) 2.60 (0.15)
P ° 3 —3.36 (0.053) 0.12 (0.15) 97.16 (0.55)
Averaged Percentage—% (Standard .
Deviation) Applied Loads
Necked Collar Link F, Fy F,
F 99.51 (0.23) —0.34 (0.065) —0.50 (0.28)
Mgalft“rsi lztf;r)“ F, 1.98 (0.26) 98.76 (0.47) 2.08 (0.34)
puts o Fs —3.34(0.10) 0.11 (0.13) 99.00 (0.12)

4. Static Loading Experiment

For the validation of the calibration process, the calibrated tri-directional force mea-
surement system was appropriately loaded in three orthogonal directions simultaneously
using the wire-pulley setups as seen in Figure 6. Several load cases consisting of different
load combinations along x, y and z axis (Fy, F, and F;) were applied and the output
force values read by sensors (F;, F, and F3) were logged for each set of simultaneously
applied loads. The calibrated tri directional force measurement system was zeroed before

commencing the load cases to eliminate the possibility of any offset errors.
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Figure 6. Simultaneous application of static loads in three orthogonal directions.

4.1. Decoupling Matrix
From Equation (1), the following expression was derived to compute the decoupled

- ~ -~ T
applied forces, {F} = (Px, Fy, FZ)

{F} = [c]"{F"} = [D{F"} 2

where the inverse of the calibration matrix [C] forms [D] representing the decoupling
matrix. The decoupled applied forces Ly, fy, E, for Sensor 1 along x-axis, Sensor 2 along y-
axis and Sensor 3 along z-axis, respectively, were calculated by multiplying the decoupling
matrix with the vector of measured force values for each case. Finally, these decoupled

applied forces (fx, fy, E) were compared with the actual applied forces (Fx, Fy, Fz) for
each sensor to validate the effectiveness of the calibration test and the decoupling matrix.

4.2. Results of the Static Loading Experiment

The results shown in Table 2 refer to two different load cases: Load case 1 (Fy = 6.47 N;
Fy =86.59 N; F; = 86.84 N) and Load case 2 (Fy =45.97 N; F, = 17.17 N; F, = 47.34 N). These
load cases were selected since they showed the largest coupling errors that need to be
recovered. In the two load cases, the measurement error is relevant with both the locknut
and necked collar links if no decoupling is performed, while it decreases significantly (less
than 2% in the worst case), after the application of the decoupling matrix, which is defined
in Equation (2). On top of that, it is observed, as expected, that the maximum relative errors
(35.52% and 17.33%) occur in the direction of the lowest force component (x in load case 1
and y in load case 2).

For the sake of comparison, the measured forces and the decoupled forces, obtained
after application of Equation (2), are shown in Figure 7 (locknut collar link) and Figure 8
(necked collar link), where each point coordinates are the applied load (x-axis) and the
measured force (y-axis). It is clear that full symbols, representing the decoupled forces, lie
closer to the bi-sector line of the plot, demonstrating the need for a decoupling process of
the measured quantities.
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Table 2. Percentage error of the measured forces and decoupled forces for simultaneous loading

experiment.

Percentage

Error

Measured Force Outputs (%)

Decoupled Applied Forces (%)

F 13} F3 F,

Fy

F;

Lock Nut Collar

Link

Load Case 1
Load Case 2

35.52 1.45 -3.07 —-0.75
0.27 17.33 -5.62 -0.22

—1.04
—1.65

—0.041
0.25

Necked Collar

Link

Load Case 1
Load Case 2

—10.51 0.54 —1.45 1.16
—-1.29 9.81 —4.39 —0.02

-0.22
—0.26

-0.32
—0.37
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7. Decoupling method applied to locknut collar links (Load case 1: Circles; Load case 2: Triangles).
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Figure 8. Decoupling method applied to necked collar links (Load case 1: Circles; Load case 2: Triangles).
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5. Dynamic Loading Experiment
5.1. Dynamic Loading Experiment Setup and Procedure

In the previous experiment, the calibrated force measurement system was subjected to
static loading with the help of wire-pulley systems and dead weights. Since the system is
envisaged to be employed for the measurement of periodic contact forces at blade shrouds,
it was necessary to examine the behavior of the system with dynamic forces. In order to
investigate the performance of the calibrated tri-directional force measurement system
with dynamic loading, an experiment was devised to apply dynamic forces to two force
sensors simultaneously while one force sensor was loaded statically.

This configuration (Figure 9) was designed to simulate the three directional contact
forces typical of oscillating friction contacts, which includes a static normal preload and
two oscillating tangential components. In order to accommodate an LDS V408 permanent
magnet shaker driven through an LDS amplifier by LMS Testlab system, necessary to
provide harmonic excitation, a new reference block with a 45°-chamfered edge has been
designed. In order to measure the actual dynamics force provided by the shaker a 4th force
sensor was placed between the shaker stinger and the chamfered block.

Figure 9. Modified experimental setup for dynamic loading with chamfered block and shaker.

A static calibration of the modified force measurement system was also performed
by means of the wire-pulley setups and a set of standard weights, generating a new set of
calibration and decoupling matrices, as described in Section 3.

Before the dynamic tests, a preliminary experimental modal analysis of the assembly
was performed with the aim of assessing the natural frequencies and the associated mode
shapes of the system. In particular, the lower natural frequency of the system becomes
a threshold frequency value, above which the inertia forces of the tripod itself would
start affecting the contact force measurements, thus making the measurement system
unreliable. As a consequence, a lower accuracy of the measurement system is expected
when the excitation frequency exceeds that threshold value, which has to be experimentally
identified in advance.

During the dynamic loading experiment, a controlled excitation force was applied
in the (x,y) plane, while a static force was applied in the z direction. In case of a fully
uncoupled measurement system, Sensors 1 and 2 would measure the two components
of the oscillating force, also measured by Sensor 4, while Sensor 3 would measure the
applied static force. Of course, due to the mechanical coupling, coupling errors actually
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occur and they were analyzed for each data set and consequently decoupled during the
post-processing phase.

5.2. Results of the Dynamic Loading Experiment

To identify the threshold frequency, a preliminary experimental modal testing was
performed. Excitation was provided by the shaker, while response of the system was
measured by three accelerometers placed on the chamfered block oriented along X, Y,
and Z directions. Frequency Response Function (FRF) curves (Figure 10) were obtained
to determine the natural frequencies of the measurement system and to determine the
maximum allowable excitation frequency.

102 T T T T T T T
Acc X
AccY
Acc Z
10" F :

Vibration Amplitude

10" £ '/\/

I g

10_2 E | I | 1 1 1 1 3
100 150 200 250 300 350 400 450 500
Frequency(Hz)

Figure 10. Frequency Response Function (FRF) plot of the tri-directional force measurement calibra-
tion setup.

Based on the results in Figure 10, the first natural frequency of the system is around
130 Hz; as a consequence excitation frequencies of 100 Hz and 200 Hz were defined. At
100 Hz the system dynamics is not expected to affect the measurement accuracy, while at
200 Hz, significant periodic inertia forces of the system are expected.

After determining the natural frequencies of the setup, dynamic loading experiment
was performed by simultaneous application of a harmonic force in the (x,y), while a static
force was applied in the z direction. The mean absolute error of both measured and
decoupled forces was computed over 100 cycles and results are shown in Table 3, at the
two selected excitation frequencies and two different load cases.

Table 3. Dynamic loading test result comparison and effect due to variation in excitation frequency.

Applied Forces (N) Mean Absolute Error (N)

Freq Amp Static Measured Force Outputs Decoupled Applied Forces
Hz Fy, F, F. F F F; F, E, F,
100 6.5 7.8 0.2218 0.4966 0.3642 0.1630 0.2269 0.1403
200 6.5 7.8 0.3008 1.0378 0.7806 0.3377 0.7563 0.4419
100 12 17.8 0.5290 1.1998 0.7268 0.3244 0.1880 0.1732

200 12 17.8 0.6468 1.6479 1.1920 0.5984 0.8607 0.6917
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Furthermore, in this case, the application of the decoupling method to the raw mea-
surements generally improves the accuracy of the measurement. In detail, in the first
load case, at both the excitation frequencies, a relative error reduction of 61% and 43% is
observed, respectively, except for Sensor 1 at 200 Hz where a marginal increase (12%) is
observed. A similar behavior is observed for the second load case, with a relative error
reduction up to 84% and 47%, respectively. As expected, at 200 Hz the mean absolute error
is larger than at 100 Hz for both the load cases.

A more detailed investigation about the effect of the excitation frequency on the
measurement accuracy is shown in Figure 11, where the periodic measured and decoupled
forces are plotted vs. the applied loads. The plots confirm the higher accuracy of the

measurements at 100 Hz. It is

worth noting that at 200 Hz, the decoupling method is not

able to remove the artificial periodic component measured by Sensor 3.

Measured Force Outputs(N)

Decoupled Applied Forces (N)

Measured Force Outputs(N)

Decoupled Applied Forces (N)

10
(L: 0
-10
15 -10 0 10 20
F
X
10
&0
-10
15 15 -10 -5 0 5 10 15
F
y
20
w18
16
15 15 -10 -5 0 5 10 15
F

(b)

Figure 11. Decoupling method applied in dynamic loading experiment at (a) 100 Hz and (b) 200 Hz.
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Having ruled out the 200 Hz frequency, due to the inaccuracy of the resulting measure-
ments, the effect of the force amplitude on the accuracy of the measurement was performed
at 100 Hz only. Results in Table 4 show that the initial measurement error increases as the
amplitude of the excitation forces increases. Nevertheless, the decoupling method stays
effective for all the combination of external inputs tested in the experimental campaign.

Table 4. Dynamic loading test results due to variation in excitation force amplitudes and static force F,.

Applied Forces (N) Mean Absolute Error (N)

Freq Amp Static Measured Force Outputs Decoupled Applied Forces
Hz  FyFy F. Fy F F; Fe Fy F.
100 6.5 7.8 0.2218 0.4966 0.3642 0.1630 0.2269 0.1403
100 12 17.8 0.5290 1.1998 0.7268 0.3244 0.1880 0.1732
100 17.5 27.8 0.6686 2.0222 0.9254 0.0986 0.1161 0.0371
100 315 47.3 1.3155 3.2154 1.5284 0.3416 0.2689 0.0475

6. Discussion of Results

Results of the calibration procedure showed the expected linear behavior of the force
sensors that measured the applied axial forces with reasonable accuracy but it also showed
coupling error in the unloaded sensor branches due to the mechanical coupling. Apart
from the transmission of mechanical coupling, the error can also be attributed to the slight
inaccuracy in positioning of the sensors during the assembly. Nevertheless, for necked
collar links, the coupling error was observed to be slightly less as compared to the locknut
collar links due to its geometry with slender section that allowed bending and acted as
hinge. Repeatability test indicated that the disassembling and reassembling process affects
the calibration matrix, which means that for accurate measurement, the calibration of the
force measurement system will have to be performed once it is installed on the experimental
test rig and will have to be repeated if the sensors are disassembled and reassembled.

Results of the simultaneous loading test yet again proved the existence of the coupling
between the three branches. Coupling errors were found to be substantial after examining
the force measured by each force sensor for each load case. However, it was observed
once more that the coupling error for the necked collar link was less than that for the
locknut collar. Alternatively, the decoupling matrix was used to compute the decoupled
applied forces that considerably reduced the error percentage and were checked to be
within 2% of the actual values. The decoupling method was marginally more effective
for measurement system with necked collar links as compared with locknut collar links
because of the relatively less coupling error in the first place.

The dynamic loading experiment demonstrated the ability of the measurement system
to measure the dynamic forces. Generally, the three force sensors independently displayed
good dynamic characteristics with fast response and with no delay. However, operating
in the tripod configuration, dynamic errors were observed that can also be attributed to
the mechanical coupling and to the slight misalignment during the assembly and during
the loading of the third sensor. The decoupling method was effective in computing the
decoupled forces from the measured dynamic forces irrespective of their amount. The
mean absolute errors evaluated for the decoupled forces were fairly less as compared to
the mean absolute errors calculated with the forces measured directly during the dynamic
loading experiment. However, the performance of the tri-directional force measurement
system was adversely affected when the excitation frequency was above the first natural
frequency of the system. This factor limited the range of excitation frequency at which
the force measurement system could be dynamically tested. Nevertheless, this is not
a general threshold frequency of the force measurement system and it depends on the
structure where the force measurement system is mounted. The study demonstrated
that the proposed force measurement system was able to measure dynamic forces with
good accuracy for excitation frequency less than the first natural frequency of the system.
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Therefore, it is mandatory to pre-determine the natural frequencies of the system on which
the measurement system is mounted to avoid that the inertial forces of the system affect
the measurement.

7. Conclusions

Experimental validation of numerical contact models, that are developed to predict
the LPT blade response levels, is vital to accurately define the non-linear dynamic behavior
of friction damping components. In case of shrouded blades, the need to measure the
contact forces at the shroud contacts must be addressed during the experimental campaign.
In this study, a tri-directional contact force measurement system consisting of three uniaxial
force sensors arranged in a tripod configuration was developed. The following conclusions
can be drawn:

e  The proposed solution is cost effective and adaptable without any complex assembly
and with a straightforward calibration procedure.

e  Although a complete mechanically decoupled measurement system could not be fully
achieved, good results were obtained by using the decoupling matrix of the calibrated
system to compute the decoupled applied forces for the static as well as for dynamic
forces.

e  The tri-directional contact force measurement system investigated in this study can be
effectively used to measure the actual three directional contact forces at blade shrouds,
representing an improvement with respect to the existing contact force measurement
systems currently limited to the uni- and bi-directional force measurements.

As aresult, a better and detailed representation of the shroud contact parameters can
be achieved, and a more reliable experimental validation of the contact models can be
accomplished in future.
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