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Abstract

This paper studies the effect of foundation stiffness on the natural frequency of a nozzle actuation system test rig used for
dynamic characterization of control actuators used in satellite launch vehicles. The work was motivated by the observation that
natural frequency obtained in tap test during test rig installation is much below initial predictions based on finite element analysis
(FEA). The difference was attributed to a degraded foundation. In the current work, different methodologies based on Finite
Element Analysis (FEA) are adopted to represent the effect of foundation stiffness on the natural frequency and the results are
compared with tap test results. It is found that FEA results have good match under the assumptions of degraded foundation.
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I. INTRODUCTION

Design, realization and qualification of actuators, which are used to control the thrust vector, are major activities in the
development of new satellite launch vehicles. Dynamic characterization is an important aspect in the qualification of actuators,
which is done using actuation test rigs installed on ground. The actuation test rigs are designed for the specific dynamic
characteristics to suit the testing requirements. Natural frequency of test rig is an important aspect of dynamic characterization.

Yaghoob et al [1], investigated the natural frequency of free spanning pipelines and influence of soil characteristic in support
of pipeline in free span and various boundary conditions. The results showed that the natural frequency increases with the
increase in foundation stiffness. Butner et al. [1], [3] investigated the effects of the varying preload on a preloaded interface.
Modal impact tests were performed to investigate the dynamic response as the preload changed in the bolted interface. The
modal impact test results show that with the increase in preload level, modal frequencies increase at the first six measured
vibration modes with a decrease in modal damping. The study also shows that the magnitude of the acceleration response
increases with an increase in preload. The loss of preload on a bolt can lead to fastener failure and a decrease in structural
stiffness, therefore the ability to detect loose bolts is crucial for ensuring the structure’s integrity.

Test rig for nozzle actuation system was installed for use in satellite launch vehicle development programs. A safe design
would then need to have a natural frequency which is different from the frequency of the vibrating element (the test article).
During its installation and commissioning it was found that natural frequency of test rig is much below the expected value.
Suspected reason for low natural frequency is a degraded foundation. This motivated to study the effect of foundation stiffness
on the natural frequency of the actuation test rig. Different methodologies are adopted using Finite Element analysis for studying
the effect of foundation stiffness on the natural frequency of the test rig. The Finite Element results are then compared to
experimental tap test results and the reason for reduced natural frequency observed in test is identified.

Il. DESCRIPTION OF ACTUATION TEST RIG

The test rig under study consists of a web of beams made of ISMC 250 channels, supported on four columns, which are built up
sections by welding ISMC 400 and ISMC 200 together. Each column has a base plate welded to it along with gusset plates. Base
plate is bolted to floor using foundation bolts. Different parts in the test rig are shown in Fig. 1. Dimensions of the test rig are 3m
x 3m x 2.5m. All the connections except foundation bolts are considered as rigid. Material properties used are density = 7.8 x10-°
Kg/mm3, Poisson’s ratio = 0.3 & modulus of elasticity = 210 x 103 N/mm?2.
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I11. FINITE ELEMENT ANALYSIS AND COMPARISON WITH TEST RESULTS

Different methodologies are adopted to analyze the model. It is done to introduce a variation in the foundation stiffness of the
test rig.
These include:
1) Testrig fixed at base.
—  All elements represented as beams/columns
—  Columns replaced with shell elements along with base plate modeled as solid element.
2) Foundation bolts represented as springs connected to base plate.
3) Foundation bolts represented as 3D solid elements with contact.
— Bottom plate fully fixed
— Inner and outer edges of bottom plate fixed
—  Only outer edges fixed

Column Base Plate
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Fig. 1: Diﬁerent parts of test rig

A.  Analysis results using test rig represented as beams/columns fixed at base

Initially the test rig is modeled by using beam elements and fixing the four legs of the test rig (Fig.2). This is the simplest type of
representation of the test rig. Here, the base is completely rigid and the natural frequency of the test rig is obtained when the
foundation is perfectly rigid. First two modes are lateral modes with 34.2 Hz (fig. 3) and third is torsion mode with 59.9 Hz
frequency.

Y First mode, Frequency = 34.26 Hz
a

X

Fig. 2: Test rig represented by beam elements Fig. 3: First mode frequency of model using beam

8. Analysis done by replacing columns with shell elements

The test rig is then modeled by replacing columns with shell elements (Fig. 5) and modeling base plate with solid elements (Fig.
4). A shell-to-solid coupling provided between the column and base plate constraint couples the motion of a shell edge to the
motion of an adjacent solid face.
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Fig. 4: FE model of Base plate (top view of 3D elements) Fig. 5: FE model of Column
The analysis is carried out by fixing the base plate. This fixity condition shows a perfectly rigid base as represented by the

beam model. Frequency value obtained for first two modes (lateral modes) is 36.6 Hz ( Fig. 6)and that for torsion mode (third
mode) is 61.1 Hz. The slight increase in frequency compared to beam model can be attributed to the extra stiffening due to

gussets at the base.
‘

First mode, Frequency = 36,629 |
Fig. 6: First mode frequency by fixing the base plate

v,

o»-nuu.nﬁﬂoawog

0000p00E000OM

Table -1
Spring stiffness and its corresponding frequency values obtained from abaqus
K (N/mm) | fa (H2)
2.00E+03 | 11.69
2.00E+04 | 17.39
2.00E+05 | 25.58
1.38E+06 | 28.17
2.00E+06 | 28.35

C. Analysis results by using the computed stiffness value

In order to find out the actual frequency of the test rig model by using springs, the spring stiffness value (to input in Abaqus) is
obtained by computing it theoretically. In Shigley’s method [5], the joint stiffness is obtained by assuming the stress field as a
hollow cone. Various angles, o, have been used. Usually 45 degrees is used but this often over estimates the clamping stiffness.
Shigley states that typically the angle to use should be between 25 and 33 degrees and in general recommends 30 degrees (this is
assuming a washer is used).

Joint stiffness, k; is computed by,

1
k ()
Bolt stiffness,

ey = 222 @)
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The stiffness of the flange can be computed as

Ed t
kf — nEd tan a (3)

(2ttana+D-d)(D+d)
(2ttano+D+d)(D-d)

Where, Ay is the bolt cross sectional area, | is the length of the bolt, E; is the elastic modulus of the flange material, d is the
inner diameter of the frustum, D is the smallest value of the frustum outer diameter, t is the frustum thickness, E is the elastic
modulus, o is the angle of pressure cone (= 30°). K; value obtained is 1.382 x 106 N/mm. The obtained joint stiffness value is
given as spring stiffness and analysis is done in Abaqus. This is done to find out the natural frequency of the test rig with the
computed bolt stiffness.

2xIn

. Analysis with Bolts Represented As Springs

The test rig is modeled and the springs were connected at the bolt locations (Fig. 7). The natural frequency values by varying the
spring stiffness are obtained which is shown in table 1. The resultant frequency value of the test rig obtained was 28.17 Hz (Fig.
8) with a spring stiffness value of 1.382 x 105 N/mm (computed based on Shigley’s method). Springs at these points act as
independent bolts and not as a whole system of bolts.

E. Analysis by modeling 3D foundation bolts

In this approach, the bolt is modeled (FE model shown in fig. 9) using 3D brick elements and thus represents the most realistic
method of representing foundation stiffness. Test rig modeled with 3D bolts is shown in fig. 12. A bottom plate is used to
represent the foundation such that preload between the base plate of the test rig and bolt can be applied effectively. A preload of
150 kN per bolt is applied using bolt load option in Abaqus software (Fig. 11). Contacts are defined between bolt head and base
plate, nut and bottom plate and between bottom plate and base plate as shown in fig. 10. A tie constraint is provided between the
beam and column; it fuses together two regions even though the meshes created on the surfaces of the regions may be dissimilar.
Between the base plate and plate a surface to surface contact is defined.

1) Analysis done by varying preload

The preload is varied to 130 KN and 180 KN and the natural frequency value in the first mode is obtained as 34.3 Hz in all the
cases. It shows that there is no significant variation in natural frequency with change in preload.

Fig. 7: Test rig with springs representing bolts Fig. 8: First mode frequency of model with springs  Fig. 9: FE model of Bolt
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Fig. 10: Interfaces at which contacts are defined Fig.11: Method of preload application in the bolt

21 Analysis done by fixing the base surface of the bottom plate

In this case, the foundation is considered to be rigid; it is done by fixing the bottom surface of the bottom plate (Fig. 13(a)). 3D
bolts are used to join bottom plate to the base plate and a preload of 150 kN is applied on each bolt as described earlier. All the
translational degrees of freedom are arrested for that surface. Actual fixity of the test rig is represented by this model. The
frequency which is obtained in this analysis is 34.3 Hz. Then the effect of base flexibility was introduced in the model to find out
the variation in the natural frequency.
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71 Analysis done by fixing the outer and inner edge of the bottom plate

In the next case, to introduce base flexibility to the model, instead of fixing the whole surface, the plate was partitioned and only
the outer and inner edges of the bottom plate is fixed (Fig. 13(b)). 3D bolts, contacts and preload are applied as before. The
frequency value obtained for first two modes is 30.7 Hz which shows a decrease from 34.3 Hz. This implies that with decrease
in the base fixity, there is decrease in the frequency of the system.

41 Analysis done by fixing only outer edge of the bottom plat

Further change in base flexibility was introduced in the model by fixing only the outer edges of the bottom plate (Fig. 13(c)).
Frequency reduces to 27.8 Hz for lateral modes and 43.9 for torsion mode.

#. Comparison with Test Results

Tap test is carried out to verify the natural frequency of the test rig after its installation. Analysis results with different fixity
conditions along with test results are summarized in Table 2. Here it can be observed that as the fixity of the bottom plate
decreases, the frequency value also decreases. Thus the base flexibility affects the frequency of the structure. It can be seen from
Table 2 that observed value of natural frequency in tap test (28.5 Hz & 29.5 Hz for lateral modes and 47 Hz for torsion mode)
matches closely with analysis case in which the foundation bolts were represented by springs at the bolt hole center.

Test results for lateral modes are close to 3D bolts with bottom plate outer edge alone fixed case, but torsion mode for this
case is different from test results. Close match of all three modes in test for the case when the bolts are represented with springs
indicates that, the foundation bolts have shown an independent behavior, and not as a total preloaded system of bolts. This can
happen when there is a degradation of underlying foundation between bolt head and the base plate. Visual inspection of the

foundation also indicates similar observation.
Column
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Fig. 12: Test rig with foundation bolts modeled with 3D brick elements
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Fig. 13: Different fixity conditions for analysis with 3D bolts. a) Bottom surface of bottom plate fixed. b) Outer and inner edges of bottom plate
fixed. c) Outer edges alone fixed.

Table -2
Comparison of frequencies obtained from analysis
Frequency (Hz)
Mode Foundation holts represented by 3D solid elements
No Beam Columns as BOIFS as Bottom plate Outer and inner | Only outer edge Remarks
' model | shell elements springs . . - Test Results
fully fixed edges fixed fixed
1 34.26 36.63 28.2 34.3 30.69 27.85 28.5 Lateral mode
2 34.26 36.63 28.2 34.3 30.69 27.85 295 Lateral mode
3 59.9 61.2 474 53.96 48.3 43.95 47.0 Torsion mode
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IVV. CONCLUSION

Different methodologies for analyzing the effect of foundation stiffness of nozzle actuation system test rig are studied and a
comparison is made with test results. Test rig is initially modeled by using beam elements and fixing the four legs of the test rig.
The frequency obtained from this beam model is 34.4 Hz. Subsequently, analysis with base plate also modeled results in
frequency of 36.6 Hz. Frequency of the test rig with bolts represented as springs (28 Hz) is found to be similar to the test result.
Here springs at these points act as independent bolts and not as a whole system of bolts. This can happen when there is a
degradation of underlying foundation between bolt head and the base plate. Even though 3D bolts with contact represent a
normal preloaded joint more accurately, the results obtained for the current study indicates a difference in trend compared to test
results. This is due to the fact that because of the degraded foundation, preloaded bolts did not behave the way it should be, and
acted as independent units. This is clear from the closeness of test results with analysis for the case with bolts represented as
independent springs.
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