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FATIGUE VERIFICATION OF HIGH LOADED BOLTS OF
A ROCKET COMBUSTION CHAMBER

Sensitivity analyses and robustness evaluations with optiSLang including dynamic load conditions during flight
operation help to verify high quality standards of bolt connections.

Introduction

Rocket engines and the bolted interfaces between their
components have to withstand intense thermal and struc-
tural loads. Therefore, particular emphasis is placed on the
quality assurance and verification from incoming inspec-
tion of the fasteners. During these tests, a fatigue analy-
sis is performed to ensure a high bolt durability covering
the dynamic loads during the engine’s operation. However,
there is a significant difference between test and flight
loads leading to a non-linear relation between test results
and expected operational life. A sensitivity analysis is con-
ducted to generate a linking, multi-parametrical model that
can be adapted to both load cases. While the parameters
scatter within the unifying parameter set, the life expecta-
tion also varies for both load cases. Accordingly, a robust-
ness analysis is finally performed to project the result vari-
ety under flight conditions onto the test result scattering.

Bolts or screws connect constructional parts with each other.
The threaded bolt shaft and its evenly shaped counterpart
nut or threaded blind hole transmit forces by a shapeclosed
connection. In the case of overloading, the bolt will fail and
lose its force transmitting capability.

A bolt can be overloaded by stressing leading to ductile fail-
ure, preferably at the first thread in contact. Another over-
loading mechanism is known as critical fatigue after the ex-
posure to a certain number of load cycles. The second will
be outlined in this article.

Basics on bolt analysis

Pretension

During bolt mounting into a blind hole or a nut, preten-
sion has to be generated. Continuous torque tightening
increases bolt and flange force at the same rate, while
the value of deformation depends on the stiffness of both
components. Due to the tension load, the bolt is strained
by the law of elasticity Al = F/Kp with the bolt force
Fgand the bolt’s rigidity Kz that leads to the absolute bolt
deformation Alp. With the same force Iz but a different
flange stiffness K, the flange parts are compressed about
Alp = Fp/Kr . Here Alp denotes the deformation of the
flange area in an imaginary cylinder between the bolt head
and the nut. Kr is the corresponding flange stiffness.
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The mounted and pre-stressed interface is loaded by the
operational force F. If F is oriented in tension direction,
the bolt will be additionally stressed while the flange com-
pression decreases. Hence the operational load is taken by
both components depending on their stiffness. The ratio
between the force fraction taken by flange decompression
Fpr and the part covered by the bolt F;z is defined by the
force ratio ®:
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The bolt and flange behavior due to pretension and opera-
tional load is illustrated in Figure 1.
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Fig. 1: Load-deformation-curve of a classical bolt connection

The effect of the force ratio becomes substantial for dy-
namic loading domains. The high durability of bolted joints
is to be attributed to ® and the fact that an operational load
is partly taken by the relief of the pre-stressed flanges. The
higher the flange stiffness compared to the stiffness of the
bolt shaft, the lower the actual impact on operational loads
stressing the bolt. This effect is related to equation (1). This
advantageous behavior decreases the bolt stress range per
cycle which crucially increases the bolt life.

Stress distribution
Loaded by an axial force Fg,, the nominal stress oo, within
the bolt shaft equals to:

Foa
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with Ay as stress area.

Notch effects at the thread ground lead to a local stress
concentration o = K - 0pom. The stress concentration
factor K depends, among other things, on the depth of the

thread and the radius of the thread ground. To estimate the
magnitude of K, tables are presented in engineering litera-
ture, e.g. Young and Budynas [2002]. As a result of the stress
concentration at the thread grounds, a stress distribution
equivalent to Figure 2 occurs.
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Fig. 2: Stress distribution along threaded bolt and stress concentration at
thread grounds

When the locally increased stress reaches the yield limit o,
local plastic deformations occur. For this study, the Neuber
rule is used to approximate the magnitude of plastic defor-
mation. Neuber expects a hyperbola in the stress-strain field
where the generation of stress and strain stays constant
oe = 02,/ E. When the Neuber hyperbola fits the endpoint
of the linear extrapolated stress-strain line omaq,e1, it crosses
the yield curve at the point Omaz,Neuber. This point approxi-
mates the stress-strain relation after yielding as shown in
Figure 3. As a yield curve, a bilinear approximation is used. It
is defined by the yield limit (Rpo.2/ E, Rpo.2) at ultimate condi-
tions (A, R).
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Fig. 3: Plastic stress-strain state obtained by Neuber approximation

Fatigue damage

The bolt life prediction is realized by the Coffin Manson ap-
proach. With the universal slope proposed by Lemaitre and
Chaboche [1990]:
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Aé‘univ. = f(Nf) (3)
R
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the total strain range Ac is related to the number of cycles
until failure Ny . R,, being the ultimate strength, D, is the
ductility of the material and o, is the mean stress of the
load cycle.

Herein, the values in the exponents are fitted to a wide
range of different materials for universal validity. To reach
our needs, these constants are considered as material spe-
cific and are chosen in accordance to the bolt material. A
better adjustable form of (3) is used with the parameters
C1to Cythat can be fitted to the actual material behavior:

Ae = f(Ny) (4)
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Aligned values for C; to Cy can be found for different materi-
als in Lemaitre and Chaboche [1990]. Varying the constants
C1to Cy of (4), it influences the Ae — Ny— Curve as shown
in Figure 4. The actual sensitivity of the model towards
these Coffin Manson parameters is analyzed in section 4.
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Fig. 4: Coffin Mansons fatigue curve - variety of the constants ¢, and ¢, are
shown by the diffuse bluish areas

Bolt validation procedure and uncertainties

To accept the bolts for flight application, a few per batch are
submitted to several different test procedures. The check
regarding fatigue failure is performed by a cycling test. It
is known that the load conditions during the test differ to
those experienced during the rocket launch. The objective
of this investigation was to correlate the results of the fa-
tigue test with the circumstances of real operation. Finally,
it had to be shown that the required cycles during the flight
can be validated by a certain number of test cycles.

Validation test conditions

For fatigue testing, the bolt was inserted into the testing
device with contact at the thread and bolt head. No flange
material was considered. Loads applied by the device were
fully covered by the bolt itself. The full range of alternating
testing loads were applied to the bolt. The diagram in Fig-
ure 5a (see next page) displays the load-deformation curve
of this behavior.

The large load range of 2F;, combined with the stress concen-
tration factor at the thread ground lead to a local cyclic plasti-
fication as shown in Figure 2. According to the Neuber approx-
imation, this opened the stress-strain hysteresis, stretched the
stress range and reduced the bolt life significantly.

Flight conditions

The considered bolts connect the combustion chamber to
the injector. During mounting, a high pretension F, was ap-
plied to avoid interface sliding. The dynamic interface loads
Fp, occurred in a moderate level which lead to a relatively
low alternating bolt force F, compared to the pretension
force F},. The ratio can be seen in the load deformation curve
in Figure 5b (see next page). With high flange stiffness,
which was given in this case, the dynamic loads added to
the pretension were mostly covered by flange relief. The ac-
tual bolt load F, alternated in a much smaller stress range
compared to the test case. That lead to a solely elastic dy-
namic behavior with a lesser strain range. According to Cof-
fin Manson and shown in Figure 4, a small Ae- resulted in
a significantly longer bolt life than under test conditions.

Correlation of test results to flight conditions

To compare test results with flight live expectations, the
mentioned influences needed to be considered. Slight un-
certainties of yield stress R,2 and strain at rupture A lead
to contrary changes in the calculation of the strain range via
the Neuber approximation approach. This exceeded the re-
sulting live expectation. Additional uncertainties occurred
by varying the Coffin Manson coefficients C, to Cj . Also, the
stress concentration factor of the threat K was not a definite
value but depended on geometrical width ratio and the edge
radius which was not definitely detectable. It was treated as
a variable during the following investigations.
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Fig. 5: Load-deformation-curve under a) test conditions and b) flight conditions

Life expectations were calculated by considering a certain
set of the mentioned variables. Each parameter set had two
results:

+ Nyieq— life expectation under test conditions and
Ny riigne — life expectation during the flight

Finally, it had to be shown that the flight requirement was
reached in all cases, which meant in any possible combi-
nation of input variables. Parameter combinations that
lead to lower life expectation needed to be excluded by the
choice of the test conditions.

Robustness under flight conditions

All possible variables influencing the bolt’s life expectation
were analyzed. After performing a sensitivity analysis with
optiSLang, it could be seen that the influence of parameters
varied from flight to test case. The test case showed the
highest sensitivity to the Coffin Manson variables C; and C
that were responsible for the high cycle domain of the slope.

For the flight case, these variables had a minor impact.
Despite to its small strain range Acyight, the sensitivity was
mostly strength driven. Ry and R,, were the most influ-
encing parameters in this case. Table 1 lists the sensitivities
for both cases.

Parameter unit Test Flight
A [%] 0 1
E (M7 /rpal 0 0
K [%] 1 4
Ryo: (M7 vpa] 9 36
R, [MP*/ el 16 58
Cy [%] 47 3
Cy [%] 17 5
Cs [%] 1 0
Cy [%] 6 0

Table 1: Model sensitivity under test and flight conditions towards input pa-
rameters

Considering the influencing parameters as normally dis-
tributed, the model was fed with specific parameter sets.
The distribution of the parameters was evaluated from test
data, or, in the case of the Coffin Manson variables, from
literature. For each input set, an output of the two life ex-
pectations was obtained — one for test and one for flight.
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Fig. 6: Criteria for fatigue test

With optiSLang, a robustness analysis was executed. As a
result of the life evaluation, the plot shown in Figure 6 was
drawn. It shows the life results of 5000 parameter sets. For
each set, the expected flight life was prognosticated for a
calculated test life. As a requirement for flight acceptance,
the bolts had to withstand the specified loads, even with
the worst possible combination of material parameters. As
shown in Figure 6, all points below the flight requirements
were not accepted meaning all test results in the red area
would lead to bolt rejection from flight worthiness. If one
of the few tested bolts per incoming batch showed an un-
acceptable fatigue durability, the whole batch was not al-
lowed to be mounted.
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The actual test requirement was finally defined at a high-
er number of cycles during the test to meet an additional
safety factor. Test results in the orange area (see Figure 6)
could achieve acceptance level by performing additional
analysis. The big plus of the indifferent orange area was
the early recognition of any disadvantageous changes of
production methods. If processes changed, the final prod-
uct could be affected in a negative way. With the demand-
ing test requirement, changes could be detected early and
counteractions could be prepared.

The bolts that met the test requirement, illustrated by the
green area in Figure 6, were accepted for flight without fur-
ther analysis.

The acceptance regarding bolt life could finally be verified.
With the possibility of taking all parameters into account
within a single analysis, the understanding of its sensitivi-
ties was improved. Having the bandwidth of each param-
eterin mind, the spread of the bolt life expectation could be
shown. In the anthill plot shown in Figure 6, this life expec-
tation was projected on the durability under testing con-
ditions. With the relations between flight and test, a new
test criteria was found that disqualified unacceptable bolts
before they went to flight.

Author // Marcus Lehmann, Dieter Hummel
(Airbus Defence & Space)

Literature // Jean Lemaitre and Jean-Louis Chaboche. Me-
chanics of solid materials. Cambridge university press, 1990./
Warren Clarence Young and Richard Gordon Budynas.
Roark’s formulas for stress and strain, volume 7. McGraw-
Hill New York, 2002.

DYNARDO
TRAININGS

At our trainings, we provide basic or ex-
pert knowledge of our software products
and inform you about methods and cur-
rent issues in the CAE sector.

Info Days and Webinars

During our info days and webinars, you will re-
ceive an introduction to performing complex,
non-linear FE-calculations using optiSLang,
multiPlas, SoS and ETK. At regular webinars,
you can easily get information about all rel-
evant issues of CAE-based optimization and
stochastic analysis. During an information
day, you will additionally have the opportu-
nity to discuss your specific optimization task
with our experts and develop first approaches
to solutions.

Trainings

For a competent and customized introduc-
tion to our software products, visit our basic
or expert trainings clearly explaining theory
and application of a sensitivity analysis, mul-
tidisciplinary optimization and robustness
evaluation. The trainings are not only for
engineers, but are also perfectly suited for
decision makers in the CAE-based simula-
tion field. For all trainings there is a discount
of 50% for students and 30% for university
members/PHDs.

Info
You will find all information as well as an over-
view of the current training program at:

www.dynardo.de/en/trainings

RDO-JOURNAL // ISSUE 1/2015

29




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 144
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 144
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (ISO Coated v2 \050ECI\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads true
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /DocumentRGB
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


