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Modal and Harmonic Analysis of L.P. Turbine of a Small
Turbo-Fan Engine using Finite Element Method

H. A. Khawaja' and A. M. Khan®

Abstract

History speaks of many accidents which occurred and whose cause could not be ascertained. Later it
was revealed that there is a phenomenon of vibration called resonance which can occur in any
engineering structure which has mass and elasticity. Different techniques, experimental and theoretical
have been developed to analyze problems related to vibration. But in the present era computational
techniques are quite common and are very reliable as far as the vibration analysis is concerned. In this
work, the low pressure turbine of a small turbo-fan engine is analyzed for its vibration behavior using finite
element method (FEM). The geometry of the turbine has been provided by the aero-propulsion designers,
which was modeled in ANSYS®. To save computational time, the turbine has been modeled as a 2-D plate
type of structure utilizing 4-noded Shell 63 element of ANSYS®. Constraints were applied keeping in view
the actual operating conditions. The turbine was modeled with more than one FE meshes. Mesh sensitivity
analysis was carried out to ensure the quality of results. Modal analysis was conducted to calculate few
initial natural frequencies. Results were studied in depth against operating frequency of the turbine. After
carrying out the modal analysis, harmonic analysis was done to see the response of the turbine under
dynamic loading. Nature and cause of the dynamic loading is also discussed in relation to dynamic
behavior. It was observed that turbine is safe in its entire range of operation as far as phenomenon of
resonance is concerned. Also it was observed that maximum harmonic response of the turbine on the
application of dynamic loading is far lesser than its failure limit within specified operating range.

Keywords: Modal analysis, Harmonic analysis, FRF, Turbo fan engine, Resonance

Introduction

Vibration deals with the oscillatory motion of dynamic systems. A dynamic system is a combination of
matter possessing mass and whose parts are capable of relative motion. All bodies possessing mass and
elasticity are capable of vibrating at specific natural frequency. The phenomenon of resonance occurs if the
natural frequency of structural system matches with the frequency of dynamic loading, which may resultin
failure of structure. In order to avoid such failure, the study of vibrational behavior of the system is essential
and in fact, absolutely necessary.

Today computational power is much larger, more reliable, and relatively cheap and as most technological
related setups have access to computers, the popularity of using numerical methods is an ever increasing
phenomenon. Especially FE methods are being used at large extent for structural analysis. V.Ramamurti,
D. A. Subramani and K. Sridhara [1] have analyzed vibration using FE methods. Also A. M. Khan, Malik
Nazir Ahmed and Shehnaz Mushtaq [2] have used FE methods for stress analysis. Other than discussed,
ANSYS® Inc. has verified FE methods by solving several problems and provided number of verification
manuals related to static, modal, harmonic, etc analyses [6, 7].

The primary objective of our study is to carry out the vibration analysis of L.P. turbine. This turbine is

subjected to high RPM which may cause undesirable vibration. The ultimate goal in the study of vibration is
to determine its effect on the performance and safety of the system under consideration.

In this work, FE method was used for the vibration analysis of turbine using commercially available software
ANSYS®. CAD model was developed as per the design specification provided by the aero-propulsion
experts. Material for turbine was specified as Inconel 718 [8], whose mechanical properties were taken for
analysis.

'? Department of Aerospace Engineering, College of Aeronautical Engineering, NUST .
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Finite Element Modeling and Applied Constraints

For this work, the geometry was built in Pro-E CAD software, which can be seen in Figure 1. This geometry
was imported into ANSYS® modeling environment by converting CAD file into IGES format. Additional
trimming was done in ANSYS® modeling environment. To save computational time, the turbine has been
modeled as a 2-D plate type of structure. This was meshed with 4-noded Shell 63 element of ANSYS®.
Cyclic symmetry was utilized to decrease the computational requirement for analysis.

Figure 1: CAD Model of Turbine

Complete turbine was divided into 53 cyclic symmetric sectors according to the number of blades in the
turbine. Figure 2 shows the finite element mesh of a single sector. For the purpose of analysis, constraint
equations are developed to correctly simulate the turbine disc and blade joints. After that one sector is
solved and result can be expanded to the complete turbine.

Figure 2: Finite Element of Turbine Sector

In order to gain confidence on the results, turbine was modeled with more than one mesh. Mesh sensitivity
analysis were then carried out to have a mesh with an optimum number of nodes and elements. An
optimized mesh should be capable of giving accurate results with minimum utilization of computational
resources.

As far as boundary conditions are concerned, all nodes at turbine shaft-linkage as shown in Fig. 3 were
constraintin all DOFs (Degree of Freedoms). Node coupling was used to connect nodes at blade-hub Joint
(see Fig. 4). Both analyses were carried out using linear-elastic material model.
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Blade joint with Hub

¥ turbing shaft Linkage

Figure 3: lllustration of Blade Hub
Joint (Single Blade)

Figure 4: lllustration of turbine
shaft Linkage

Modal Analysis and Applied Loads

Modal analysis is used to determine the natural frequencies of a structure. The natural frequencies and
mode shapes are important parameters in the design for dynamic loading conditions. Modal analyses can
be performed on a pre-stressed structure, such as a spinning turbine blade. For the modal analysis of a
turbine, loads and constraints were applied keeping in view the actual situation. Loads and operating
conditions of turbine as per the aero-propulsion experts are specified in Table 1.

Table 1: Operating Conditions of Turbine

Maximum Presure 0.383 MPa
Maximum Temperature 944 44 K
Operating RPM (Inertia) 32200 RPM

Modal Analysis Results

First five natural frequencies were calculated for both the cases i.e. with stress stiffening on and with stress
stiffening off Results of modal analysis have not been affected much because of applied loads. The
comparison of both the results is given in Table 2. We found that there is not much difference in both the
results. We also observed that operating RPM of turbine is far lesser in value than first modal frequency as
shown in comparison “Table 3”. Mode shapes obtained for turbine are described “Table 4”.

Table 2: Modal Analysis Results

Mode No. | Natural Frequencies With | Natural Frequencies Without | Mode Shape
Stress-Stiffening Effect (Hz) | Stress-Stiffening Effect (Hz) | Nomenclature
/ 2250 2248 Ist Bending
2 6080 6075 2nd Bending
3 8183 8176 Ist Twisting
< 10102 10095 3rd Bending
5 14886 [4876 4th Bending |
Table 3: Comparison of minimum modal frequency and operating RPM
Operating RPM(Hz) First Modal RPM(Hz)

32200 (537)

135000 (2

250)
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Harmonic Analysis

Any sustained cyclic load will produce a sustained cyclic response (a harmonic response) in a structural
system. Harmonic response analysis is used to predict the sustained dynamic behavior of the structure,
thus verifying whether or not structure will successfully overcome resonance, fatigue, and other harmful
effects of forced vibration.

Harmonic analyses require cyclic load data for the analysis. This load data was gathered as per the
aerodynamic analyses of turbine carried out earlier by aero-propulsion experts. It was found out that
pressure load is the only load which is cyclic in nature under steady state operation. Reason for this
variation is the existence of wake due to the presence of nozzle guide vanes (stators) before turbine rotors.
Whenever the rotor passes by a stator it has to pass in low pressure region (wake). The repetition of this low
pressure region is equal to the number of stators before the turbine. Frequency of this dynamic loading is
equal to product of number of stators and turbine RPM. This phenomenon is explained in Figures 5 (a) &
(b). This analysis was carried out for normal and over run operation (32200 & 38000) X 31 RPM or 16636 to
19633 Hz. The number of stators before turbine rotors is 31.

Harmonic Analysis Results

Harmonic analysis results are in the form of a graph commonly known as FRF (frequency response
function). FRF for this analysisis shownin Fig. 6. This FRF is specific to the node at the trailing edge of the
tip of the turbine blade, which showed the most aggressive behavior to cyclic loading. Other nodes were
also analyzed, as they showed similar response but value of displacement was lesser compare to selected
node, so shown FRF is associated to tip trailing edge node. Location of specific node is shown in Fig.7.

Table 4 Turbine Mode Shapes with Description

Mode No. Turbine Mode Description of Mode Shape
ShapelObligue View)

Ist Mode
Shape
Ist
Bending)

2nd Mode
Shape
(2nd
Bending)

3rd Mode
Shape

(15t Torsion)

4th Mode
Shape
(3rd
Bending)

Sth Mode
Shape
(4th
Bending)

3 .
« | Bendng py |
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(a) Rotor position according to stator location (b) Rotor in the wake of stator location

Figure 5: lllustration of pressure variation on rotor blades due to wake of stators blade

Value of the maximum displacement indicated by FRF is very small as compared to the value of maximum
displacement calculated using static analyses of turbine, under which turbine blade is safe for operation.
The comparison of displacements at maximum RPM, obtained through analyses is shown “Table 5”.
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Figure 6: FRF (Frequency Response Function) Figure 7: Node at Trailing Edge of the

Tip of the Turbine Blade
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Table 5: Comparison of value of maximum displacements at 19633Hz

Maximum Displacement Maximum Displacement
(Harmonic Analysis) (Static Analysis)
0.0001 mm 0.40 mm

Conclusion

Natural frequencies as per the modal analysis are shown “Table 2”. This turbine has to operate at 32200
RPM or 536 Hz as per the design specification provided by aero-propulsion experts. The evaluation shows
that the first natural frequency is far higher than maximum operating frequency, this gives clear
indication that turbine is safe against resonance phenomenon. Also harmonic response within
specified range is also acceptable, as maximum value of displacement is far lesser than static
displacement. Also FRF indicates no chances of the occurrence of resonance within this range.
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Finite Element Approach For the Development of Mathematical Model for the
Fatigue Life of Fiber-Reinforced Composite Materials

M. Nadeem Tahir' and Sagheer Ahmed?

Abstract

Preventing failure of mechanical systems has been an important issue in engineering design ever
since the early stages of the industrial era. For standard design purposes the yield limit is often used as a
failure criterion, which means that the component will never undergo permanent deformation under design
loads. However, when safety and reliability are critical (e.g., in nuclear installations) or when the added
weight and cost of over dimensioning cannot be tolerated (aircraft), more accurate predictions are
needed for the onset of failure, as well as of the fracture process itself (crack paths, residual strength,
remaining service life, etc.).

Today, a lot of research is dedicated to the fatigue behavior of fiber-reinforced composite materials, due to
their increasing use in all sorts of applications especially in the field of aerospace, naval and automotive.
Composite materials are inhomogeneous and anisotropic, and their behavior is more complicated than that
of homogenous and isotropic materials such as metals. The principal objective of the research reported in
this paper was to develop mathematically consistent continuum damage formulation, which can
realistically describe fatigue processes. A key issue in the development of continuum damage and other
fatigue models is their ability to correctly describe the localized deformations, which are characteristics of
fatigue problems. If this issue is not properly addressed, the damage process, which presents the initiation
and growth of cracks, tends to localize in a vanishing volume. A perfectly brittle response is then obtained,
even if the constitutive relations show a gradual loss of strength. The material constants used in the model
are determined using the experimental data. This model can be used to predict the fatigue life of an E-
glass/vinyl ester polymer composite at any applied load.

Keywords: Finite Element Methods, Fatigue Life, Fiber-Reinforced Composite Materials, Continuum
Damage Mechanics

Introduction

Composite materials are a combination of two or more chemically different materials with a distinct
interface between them. The constituent materials maintain their separate identities (at least
microscopically) in the composite, yet their combination produces properties and characteristics that
are different from those of the constituents. Fiber-reinforced composite materials for structural applications
are often made in the form of a thin layer called Lamina. Alamina is a macro unit of material whose material
properties are determined through appropriate laboratory tests. Stacking the layers to achieve desired
overall strength and stiffness then forms structural elements, such as beams, bars or plates. The
development of composites reinforced with boron, carbon or other advanced fibers started in the
aerospace industry nearly 55 years ago. Since the 1950s, NASA, the U.S. Department of Defense, and
governmental agencies in the United Kingdom and other countries have supported not only research also
the development, design, full scale testing, and certification of fiber reinforced polymers and their
application in aircraft, helicopters, and space vehicles [1]. Since the 1995, Pakistani governmental and
private agencies have been involved in the research and development of composite materials especially in
the field of automobile, armors, and missiles. The most distinct exponent of continuum approaches towards
fracture is continuum damage mechanics. It introduces a set of field variables (damage variables), which
explicitly describe the local loss of material integrity. The notion of a continuous representation of z
intrinsically discontinuous - material damage stems from the work of Kachanov [2] on tertiary creep and
was further developed by Rabotnov [3]. But it was not before the mid-1970s that it was realized that the
theory could be used to describe not only the formation, but also the growth of macroscopic cracks [4]. A
crack is then represented by that part of the material domain in which the damage has become critical, i.e.,

'? Department of Mechanical Engineering, Faculty of Mechanical & Aeronautical Engineering, University of Engineering & Technology Taxila,
Pakistan.
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where the material cannot sustain stress anymore. Redistribution of stresses results in the concentration of
deformation and damage growth in a relatively small region in front of the crack tip. It is the growth of
damage in this process zone which determines in which Fracture” which is sometimes used for this type of
crack modeling.

Elasticity Based Damage

The well known classical stress-strain relation of elasticity based damage mechanics reads in its most
general form:

o, =(1-D)Cyé, (1
Where the strain tensoris
£y =%i?—:-%i (2)
The elastic constants Cijkl are given by
Cous = 28,8, + u(8,8, +58,8,) (3)

Where & the Kronecker delta and A and p Lame’s constants. The latter can be expressed in terms of Young’s
modulus E and Poisson’s ratio v according to
Ev E

= e | _ﬂ=
(1+v)1-2v) 2(1=v)

Vi (4)

By substituting equations (1) and (2) into the standard equilibrium equation

oo,
—=0 (5)
Cx,
And solving we get
p? oD 2
tl—D:rC_,.--_r"‘ —r—C. oo (6)

oxéx, &éx, T éx

When the appropriate conditions are satisfied, the growth of damage is governed by an evolution law, which
reads in its most general form

D=g(D,5)E (7)

Integrating equation (7) over one loading cycle and approximating the growth of damage within This cycle,
resultsin arelation of the form [6][7]:

E'—£T=GID.€;I (8)
N

Forthe evolution function g (D, €) an expression thatis slightly different from that of Paas [6] is used here:
g(D,F)=Ce®s™” (9)

With C, a and B material parameters after substitution of eq. (9), relation (8) can then be integrated over N
cycles, yielding [8]:

2 =l
2aC 'y (10)

D=—-Llnt[—
a g+
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By putting D =1 in relation (3.12) and solving for N gives the following relation for Nf the Fatigue life:

(1)

Interms of relative number of cycles N/Nf

P

(. N
D=—=Inil-(1-€%)—| (12)
a | N, |

This relation has been plotted in Figure 1 for several values of the parameter a. The effect of variation of this

parameter is quite clear: a higher value of aresultin an initially slower accumulation of damage, but a higher
growth rate towards the end of the fatigue life.

' | I | I

)

\J

Figure 1: Damage Variable as a function of the relative number of cycles.

The incremental damage per loading cycle, dD/dN, as a function of cumulative damage, D, which may be
derived from Figure 2, may be expressed in either of the following two functions:

dD C C, .
—_— — (13)
dN D" (1-D)*

d.—D_ = Be™"" + B,e"” (14)
dN -

Where N is the number of loading cycles, and C,, C,, B,, B,, n, and n, are constants with n,, n,>1

However, experimental data on the cumulative damage, D, as a function of the number of loading cycles,
N, for most of the composites do not show any initial strength degradation until the number of loading
cycles exceeds 1000. Further, the initial damage does not reveal any evidence of an abrupt growth
phenomenon. Instead, the normalized modulus data shows smooth, gradual decrease from the
undamaged state. Therefore, for simplicity, C1 is negligible in comparison with C2. Consequently, the
damage rate perloading cycle may be expressed by the following function:
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dD C

— (15)
dN (1-D)"

£=Be'g (16)
dN

Where B, C and n are again material constants. In Figure 2, the curves represented by Eq. (15) and Eq. (16)
are compared with B=C = 1. From this figure, Eq. (15) appears to better represent the sudden rupture of the
composite material as D approaches unity. Therefore, Eq. (15) will be expanded to describe the fatigue
process for composites materials.

Besides the state of damage, the maximum stress and stress amplitude may also have substantial effects
on the damage growth. Accordingly, Eq. (15) may be rewritten as:

(e_o_ )
Q:Cﬁ—. o -r
dN (I-D)"
where

C,, mand n are material constants,
0 ..o IS the maximum stress,

0., 1S the minimum stress,
0. IS the cyclic stress amplitude and is equalto (0 ., -0, )

We can express the maximum stress and stress amplitude in normalized terms with respect to the ultimate
tensile strength (,, ) and the minimum to maximum stress ratio R:

[
Som = — (18)
Gb.
(7--— — - — - —
S, =2 2o "0u0) Tom(y Ty 5 (1-R) (19)
o (e a a, o, '

[ uiy wlr man

Substituting for S, and S, in Eq. (17) and then simplifying, the equation becomes

LQ:C:S:,JI-IE'H 20)
dN (1-D)"

Integrating Eq. (20) and substituting the initial condition, i.e., D = 0 when N = 0, we obtain:

A =Dy st (1-R)N @1

n=| n=+|
When the number of loading cycles approaches the maximum number of cycles N,, D approaches
1. Under this condition, Eq. (21) becomes:

L=c:sinu-kn'.\‘. (22)

n«+

Eq. (22) is equivalent to the power formula often seen in the literature as:

ol N, =constant (23)

T

10
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Which can also be expressed as?

mex

logo_,, = _%Iog N, +constant (24)
In the model validation section, this equation will be compared with the following expression:

o_ =mlogN, +constant (25)

Tan

Which is commonly used for characterizing fatigue life, Nf, of materials.

Experimental Work

The specimens used for this study were obtained from a pultruded vinyl ester/E-glass fiber composite being
used in the construction of composite bridges in the world. The fiber volume fraction was approximately 28
% to 30 %, as determined by combustion of the matrix. The specimen is shown as:

The quasi-static properties of the composite material were obtained on a screw driven Instron tensile
testing machine. Strain data was recorded with an extensometer, and transverse and axial strains were
obtained using CEA-13-125WT-350 strain gauges. Specimens were tested at a displacement rate of 2.5
mm/min. The tests were performed according to ASTM D 3039. The following properties were obtained.

20 I T

1Dy =

I

Function Value

0 0.2 0.4 0.6 0.8 I
1) Value

.

Figure 2: Comparison between damage growth as a function of exponential
damage and inverse exponential damage for different values of n.

Figure 3: Specimen for Fatigue testing

Fatigue experiments were conducted under the following loading and environmental conditions:

1) Loading mode: Rotating Bending (Tension and compression)
2) R (minimum stress to maximum stress ratio): 0.1

3) Testfrequency: 2860 rpm

4) Testtemperature: Room temperature

11
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All fatigue specimens were tested using the R. R. Moore Rotating Beam Fatigue Test System with the
following specifications:

1) Type: FTO-20

2) Capacity: 20Kgf-m

3) Make: Tokyo testing Machine Manufacturing Company (Ltd.) Tokyo Japan
4) Motor: 0.75 KW, 02 poles, 03 phase Induction Motor with 2860 rpm

Table 1: Mechanical properties of vinyl ester/E-glass fiber composite

Mechanical Properties Mean Std. dev.
Ultimate Tensile Strength (MPa) 212 17.9
Modulus (GPa) 15.55 0.66
Poisson's Ratio 0.31 0.03

The R. R. Moore recognized as the standard for rotating beam fatigue testing, has been serving industry
faithfully over 70 years. The machine design is based on the rotating beam principle. The specimen
functions as a simple beam symmetrically loaded at two points. When rotated one half revolution, the
stresses in the fibers originally below the neutral axis are reversed from tension to compression and vice
versa. Upon completing the revolution, the stresses are again reversed so that during one revolution the
test specimen passes through a complete cycle of flexural stress (tension and compression).

The R. R. Moore machine can be equipped to test either straight shank or tapered-end specimens. The
standard specimen length is 250mm with gauge length and diameter 70mm and 15mm respectively.
Straight shank specimens are held in place using precision specimen collets. Tapered end specimens are
machined to match the tapers within the spindles of the machine and held in place using threaded

drawbars. . . _ _ _
Table 2: Fatigue test results for vinyl ester/E-glass fiber composite material

% of UTS Specimen Set 1 Specimen Set 2 Specimen Set 3
80 516 434 274
70 086 693 839
60 5575 2258 1225
50 4807 4372 3470
45 24135 1000000* 1000000*
40 1000000* 1000000* 1000000*

Stress is applied to the specimen by direct application of dead weights to ensure precise loading.

Three sets of specimens (Total 18 samples) were tested at each stress level. The fatigue test data is
tabulatedin the table.

Model Validation

Figure 4 displays the predicted S-N curve and experimental fatigue data for the vinyl ester composite. In
this figure, the normalized stress is plotted against the number of cycles in semi log scale. The normalized
values were obtained by dividing the maximum applied stress by its respective ultimate strength at
respective loading condition. A value of the square of correlation coefficient (r’) between the experimental
normalized stress and the number of cycles at failure is 0.8301.The square of the linear correlation
coefficient quantitatively indicates the linear correspondence between two variables. An r* value of 1.0
means a perfect linear relationship between the two quantities; a value less than 1.0 means a less good fit.

12
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Based on this r* value the equation 2.28 which is equivalent to can be used to predict the fatigue life of
polymer composites used in this study.

& »0.830°

f. DN

/

Lag of ha of cyties

Figure 4: Predicted S-N Curve and experimental fatigue data in semi log scale

In order to determine the value of the material constant m, the Eq. (22) is rewritten into a simple linear form
(y=a+bx):

| 1 .
108(S . ) = = —log(n = IXC(1 - R)")|-—log N, (26)
m om
=%Iog l - —“Llog.\'_ (27)
2m (n+C(1-R)") 2m
Such that
u=LIog I - (28)
2m (n+=INC(1-R)")
and
|
b= —— (29)
2m

Values of “a” and “b” are determined from the experimental curve as:
a=-0.4071 and b=1.1184

By putting the value of “b” into Eq. (29) we get
m=1.23

When “a” and “b” values are substituted into Eq. (26) we get the S-N curve which may be expressed as:

(S..) " N, =716 (30)

This equation now can be used to find the fatigue life of vinyl ester/E-glass fiber composite materials.

13
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Conclusion

The principal objective of the research reported in this paper was to develop mathematically consistent
continuum damage formulation, which can realistically describe fatigue processes. A key issue in the
development of continuum damage and other fatigue models is their ability to correctly describe the
localized deformations, which are characteristics of fatigue problems. If this issue is not properly
addressed, the damage process, which presents the initiation and growth of cracks, tends to localize in a
vanishing volume. A perfectly brittle response is then obtained, even if the constitutive relations show a
gradual loss of strength.

The model is validated by plotting the normalized stress against the number of cycles in semi log scale. A
value of the square of correlation coefficient (r2) between the experimental normalized stress and the
number of cycles at failure is 0.8301. The square of the linear correlation coefficient quantitatively indicates
the linear correspondence between two variables. An r2 value of 1.0 means a perfect linear relationship
between the two quantities; a value less than 1.0 means a less good fit. The material constants used in the
model are determined using the experimental data. This model can be used to predict the fatigue life of an
E-glass/vinyl ester polymer composite at any applied load.
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Numerical Simulation of Arc Welding Investigation of various
Process and Heat Source Parameters
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Abstract

The present study describes a combination of numerical simulation and experimental validation to
study the temperature distribution and prediction of fusion zone (fz) and heat affected zone (haz) in gas
tungsten arc welding of low carbon steel. Welding experiments are carried out on weld coupons of 3
mm thick sheet metals of 150 x 50 mm with a 2 mm square gap between them. Simulation of the entire
process is accomplished by using authors written subroutines in ansys® 10.0, general purpose finite
element software. The primary objective of the present study was to develop computationally efficient
numerical simulation technique with in the commercially available finite element software(s) domain, for the
accurate prediction of the temperature history, size of fusion and heat affected zones of the weldments.
Additionally the effects of varying various significant welding and geometric parameters on the response of
the weldments are also investigated with the anticipation to further utilization in the prediction of the welding
induced imperfections like weldment distortions, residual stresses formation and the complex
phenomenon of weld solidification cracking. The induction of carefully measured experimental data into
the numerical simulations, showing close co-relation between the simulated and experimental
investigations in the present study presents the significance of the numerical techniques developed
for the precise prediction of transient thermal response of the weldments for the large scale industrial
usage in nuclear, aeronautical, aerospace and marine engineering domains.

Keywords: Numerical Simulation, Arc Welding, “Quasi-Stationary” State, Gaussian Distribution, FEA

Introduction

The critical first step in predicting the weld induced imperfections like residual stresses,
deformations, and weld solidifications cracking etc. is to accurately compute the Transient temperature
fields during the arc welding process. This is necessary because the temperature has a first order effect on
the microstructure, strain, stress and ultimately on the formation of defects in welds while they have at most
a second order effect on the temperature fields [1].

The problem of distortion, residual stresses, and reduced strength of a structure in and around a welded
joint are a major concern of the welding industry for decades. These problems primarily result directly from
the thermal cycle caused by localized intense heat input in arc welding process [2]. Hence for the
development of effective simulation strategy for weld analysis, the accurate prediction of thermal history is
of key importance. Additionally the effects of various welding process and heat source parameters on the
transient temperature states must be accurately known. The first major contribution in the field of weld
thermal analysis is the analytical solution for a welding heat flow problem by Rosenthal which has been
used worldwide to predict welding thermal history and cooling rates. The exact theory of heat flow due to a
moving point source was first applied to arc welding by the author in 1935 using the experimentally
established principle of a “quasi-stationary” state, that is, an observer stationed at the point source fails to
notice any change in the temperature around him as the source moves on [3]. Later it was shown that
Rosenthal’s analysis which assumes a point, line, or plane source of heat is subject to serious error for
temperatures in or near the fusion and heat-affected zones. The infinite temperature at the heat source
assumed in this model and the temperature sensitivity of the material thermal properties (a temperature
independent mean value is assumed) increases the error as the heat source is approached. Pavelic et al.
first suggested that the heat source should be distributed [4]. He proposed a Gaussian distribution of flux
deposited on the surface of the work-piece. Later, some authors have suggested that the heat should be
distributed throughout the molten zone to reflect more accurately the digging action of the arc [1]. Adouble
ellipsoid configuration of heat source was proposed by J. Goldak [1] so that the size and shape of the heat
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source can be easily changed to model both the shallow penetration arc welding processes and the deeper
penetration in laser and electron beam processes. In addition, it has the versatility and flexibility to handle
non-axis-symmetric cases such as strip electrodes or dissimilar metal joining. Welding stresses arising
from the temperatures gradients due to the moving heat sources and deformations have close analytical
relations. Due to heating and cooling, thermal stresses occur in the weld and the adjacent areas. The
strains produced during the heating phase always induce plastic deformation of the metal. The stresses
resulting from these strains combine and react to produce internal forces that cause a variety of welding
distortions. Welding-induced residual stresses and shape-change behavior can play a very important role
in the reliable design of the welded joints and welded structures. Finite element techniques have been used
in the prediction of welding residual stress and distortion for more than two decades [5].

Due to the nature of the process, additional complexities are involved in the FEA of welding compared to
traditional mechanics, such as temperature and history-dependent material properties, high gradients of
temperature, stress and strain fields with the respect to time, large deformations in thin structures,
phase transformation and creep phenomena [6]. The problem of distortion, residual stresses and reduced
strength of structure in and around welded joints are a major concern of welding industry, primarily in
aerospace industry where safety and economy are importantissues.

Present Study

The present research work presents a transient non-linear thermal simulation of plate butt joint by arc
welding processes using FE heat transfer analysis. A heat source model is presented based on the
Goldak’s method and MATLAB® scripts are developed in order to calculate the heat flux distributions and
define a moving heat source into simulations by using FE software ANSYS® [7]. Full three-dimensional FE
models are developed in ANSYS® for the simulation of complex, highly nonlinear phenomenon during the
arc welding process with filler metal deposition, as it was used by many researchers [8, 9, 10]in the past
to tackle the nonlinear problems with acceptable accuracy levels. The results from the developed modeling
approach were verified by welding experiments on the same geometry with similar parameters in
order to establish quantitative correlations between FE simulations and experiments. The transient
temperature distribution and variation of the welded plates during welding process were predicted. The
fusion zone and heat affected zone were also obtained. The effect of the heat source distribution, energy
input and welding speed on temperature was investigated. The results showed that temperature
distribution and variation in the welded plates are sensitive to the heat source distribution and welding
process parameters. The work presented here would provide a basis for further investigations of
welding distortions, residual stresses and weld solidification cracking phenomenon.

Finite Element Simulation Strategy

A three-dimensional finite element analysis strategy is developed to benchmark the experimental results
from section 3.0. The size of the specimen plate is 150mm x 100mm x 3mm (length x width x thickness).
Because of symmetry, only one half of the plate is modeled. The heat transfer analysis to simulate the
GTA welding process is conducted through the author written subroutinesin ANSYS®. Taking into
account the weak nature of mechanical to thermal fields coupling, the first part of the sequentially coupled
elastic-plastic thermo-mechanical analysis is discussed here in the present study and the effects of
various heat source and welding process parameters on transient temperature distributions, boundary and
shape of FZ and HAZ are presented in detail. The combined heat transfer coefficient for convection and
radiation [11] is calculated and applied on all the surfaces (except the symmetry plane) as thermal
boundary condition. The heat loss from the surfaces are modeled from the equations-1and 2.

q=qg+q(1)
loss convection radiation
g=hxA(T-T) (2

loss total amb
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Where, A is the surface area, T is current temperature, Tamb is the ambient temperature and htotal is
combined convection and radiation coefficient, given by the following equation.

htotal=[h+ €g ( T+Tamb)(T2+Tamb )]
Where,

H = Thermal convection coefficient
(8 W/m2-oKin the present study)
e = Radiation emmissivity
o= Stefan Boltzman constant
(5.67 x 10-8 W/m-oK4)

On the surface of the steel under investigation in the present study, € = 0.51 is used which is the average
value for hot rolled steel plates. Tamb is taken as 3000K equal to the preheat temperature. The heating
time along the weld path is about 52 sec with a torch speed of 3.0 mm/s, and the complete welding

sequence is divided into 78 incremental equally spaced load / solution steps of 0.667 s. Stepped load
option available in ANSYS® is used for effective application of thermal load during the load step. After
extinguishing the arc additional 40 load steps of different lengths are used for cooling of the weldment. The
total cooling time to return to the ambient temperature of 3000C (573.150K) is about 23 minutes from the
start of the cooling phase.

Finite Element Model in the Present Study

One-half symmetric 3D FE model for the welding of coplanar plates with v-groove developed in ANSYS® is
shown in Fig. 1. The element type in thermal analysis is SOLID70 (linear 8 node brick element with one
degree of freedom, i.e., temperature at each node). Further details about the selected elements may be
foundin[7]. The finite element statistics for the model is:-

Total No. of nodes: 1246
Total No. of elements: 9000

High temperature and flux gradients are anticipated in and around the FZ and HAZ therefore a relatively
fine mesh is used within a distance of 10 mm from weld line (WL). Away from the HAZ the element size
increases with an increase in the distance from WL. In weld direction, the element size is kept constant
equal to 2 mm. Within the anticipated HAZ dimension of 10 mm on each side of the WL in transverse
direction, the element size of 1 mm is used. The element size away from weld region increases with the
increase in distance. In thickness direction there are total three elements, 1 mm each to facilitate for v-
groove modeling. Two tack welds on the start and end of the weld are modeled, each of which comprises of
2 elements (4 mm)in weld direction and 2 elements (2 mm) in transverse directions and 3 elements (3 mm)
in thickness direction. Tack lengths positions in the FE model are in accordance with the physical weld
sample.

Figure 1: 3D FE model used in the present study
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Moving Heat Source Model

The welding induced imperfections like residual stresses and deformations are believed to be due to highly
non-uniform temperature fields generated during welding. Both the residual stresses and deformations,
are highly sensitive to transient temperature distributions, which itself is a function of total heat applied and
heat distribution patterns within the domain. Thus for the determination of realistic temperature profile in the
target application, a very careful and accurate modeling of heat source is required. During the last four
decades several developments in the heat source modeling have been reported in the literature, a very
brief introduction of which can be found in [B1]. In the present study, the welded plates and filler material is
modeled as solid body. The most widely acceptable double ellipsoidal heat source model, presented by
Goldak et al [1] is used to present the heat generated by the welding torch. The model gives the Gaussian
distribution and has excellent features of power and density distribution control in the weld pool and HAZ.
The heat source distribution as shown in Fig. 2 combines two different ellipses i.e. one in the front quadrant
of the heat source and the otherin the rear quadrant [13].

Heat Flux (wan
!'T‘.:I'!'.!I

) ()\@f}Qf‘, -':_-r_'_

g =—p——¢
::\/;al,bc (3)
,‘{': '1,: ‘.:,
6v3p0f, PCErEtE)
9r = ——€ ' 4)
:r\/;a,bc '

Where,

Q=Vland ff+fr=2

Q =Total heatinput (watts)

V =Welding voltage (volts)
I=Welding current (amperes)

Heat Flux Distribution for FE Model

In order to simulate the welding torch movement with the specific welding speed, the calculated volumetric
heat flux densities have to be assigned to specific elements around the welding areas in the FE model. In
this case, the origin of the coordinate system is located at the centre of the moving arc. A user subroutine
written in APDL is used to calculate the centroidal distance of elements from the moving arc centre
corresponding to the arc position at any instant. Based on the FE mesh generated by the ANSYS®,
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definitions of the welding process parameters and characteristics of the heat source transient heat fluxes
representing the moving the distributed heat source can be calculated on specific positions in welding
areas. The heat source is assumed to move through volume and calculated heat is applied to elements as
volumetric heat generation. The supplementary advantage of volumetric heat generation is that the
elements lying on the surface can be used for modeling of surface heat convection which otherwise require
additional two dimensional surface elements to suit the purpose. The numerical values of different heat
source parameters and welding process parameters used in the study are shown in Table 1 and Table 2
respectively.

Fig. 3 and Fig. 4 represent two corresponding heat flux distributions with different welding process and heat
source parameters. The variation of the parameters changes the heat source distributions and magnitude,
therefore influences the input of heat flux applied in the weld regions. Consequently it affects the transient
temperature distributions in the fusion zone, heat affected zone and peak temperatures in the welded
plates[13]

Table 1: Heat Source Parameters used

Parameter | HSP-1 HSP-2 HSP-3 Table-2: Welding Process Parameters
a 8 mm 8 mm 4 mm WPP- | WPP- | WPP-
a; 20 mm 12 mm 12 mm el 1 2 3
B 10 mm 8 mm 8 mm V tvolts) 175 200 300
C 2.5 mm 3Imm 3 mm I (amperes) 12.5 IS 20
fz 0.6 0.45 0.45 n (%) 90 90 90
L 1.4 1.45 1.45

Modeling of Filler Metal Deposition

Conventional quite element technique [14], which is relatively straight forward and easy to implement by
utilizing the ANSYS® embed features of element birth and death, is used in the present work. The whole
FE model is generated in the start however; all elements representing filler metal are deactivated by
assigning them very low conductivity. During the thermal analysis all the nodes of deactivated elements
(except those shared with the base metal) are also fixed at ambient temperature till the birth of the
respective element. Deactivated elements are re-activated sequentially when they come under the
influence of the heat source (welding torch).
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Figure 3: Power density on upper surface of the Figure 4: Power density on upper surface of
the plate with heat source parameters HSP-1 plate with heat source parameters HSP-2 and
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19



Technical Journal, University of Engineering and Technology Taxila, 2008

Material Model

In simulation work the same material is assumed for sheet metal and filler metal. Temperature dependent
material properties are taken from Karlsson and Josefson [15] as shown in Fig. 5 and Fig. 6. The melting
and phase transformation temperatures of the material are taken as 17380K and 9000K respectively.
These material properties were presented for carbon-manganese steel with the composition of 0.18% C,
1.3% Mn, 0.3% Si, 0.3% Cr, 0.4% Cu.

Gonductivity of material

Co

Figure 6: Temperature dependant thermal conductivity of material

SpacTicHat (Vkg-"K)

Figure 7: Temperature dependant specific heat of material

Reliability Verification for the Developed FE Model

To ensure the reliability of the finite element model developed, TIG welding experiments on two coplanar
plates with similar geometric dimensions, weld parameters, and heat source parameters from the base
finite element model are conducted. Commercially available mild steel with slight variations in chemical
composition from the material model used in the simulation is utilized. Similar approximations were made in
the past by many researchers [16, 17] with reasonable comparative results in the measured and predicted
results.

Sample from the welded specimen is ground, etched, polished and the macrograph of the cross section is
shown in Fig. 7 along with the superimposed cross section at similar time step from the weld experiments.
The quantitative comparison of measured and predicted FZ and HAZ values are shown in Fig. 8. From Fig.
7 and Fig. 8, itis evident that predicted results agreed well with the experimentally measured FZ and HAZ.
Thus, the developed models have been experimentally validated.

Scope of the Present Research

The primary objective of the present research is to address the evolution of thermal effects, fusion and heat
affected zones of welded thin sheet metals of commercial mild steel by finite element methods. A
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comprehensive analysis for the Gas Tungsten Arc Welding (GTAW) commonly known as Tungsten Inert
Gas (TIG) welding  process for two coplanar plates with symmetry option is presented. The Scope of the
present study is limited as follows:

1. Study the effects of double ellipsoidal heat source model by varying the heat source parameters. Three
different set of heat source parameters are used and their effects on the evolution of temperature gradients,
fusion and heat affected zones during the arc welding phenomenon are investigated. Different set of
GOLDAK'’s double ellipsoidal heat source parameters used are shown in table-1. The corresponding
distribution in power densities are shown in Fig. 3 and Fig. 4.

HAZ FZ W,
(21423°K)  (21738%K):

Figure 7: 1ISO - Parametric experimental macrograph with
superimposed cross section from the simulation
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Figure 8: Quantitative comparison predicted and measured FZ and HAZ

2. Study the effects of welding process parameters on the temperature profile, fusion and heat affected
zones. Three different heat inputs are used by varying the welding process parameters. The base heat
input value from the experiments, govern by the arc voltage and current values of 12.5 volts and 175
amperes respectively with arc efficiency of 90%. To study the effects of variation in heat input, two additional
studies with values of welding process parameters as shown in Table-2 are also used.

3. Study the effects of varying welding speed on the temperature profile, fusion and heat affected zones.
Three different torch speeds are used for comparison purpose. The base value govern from the welding
experiments is taken as 3 mm/sec. For comparison purpose two additional studies with torch speeds 6
mm/sec and 9 mm/sec are also conducted.

Results and Discussion

Fig. 9 shows the temperature distribution of the welded plate after 32.667 seconds and the heat source is at
adistance of 98 mm from the weld start position. Itis evident from the figure that the temperature around the
torch reaches 21100K suggesting melted material in the fusion zone (FZ). Next to fusion zone, the
presence of higher temperatures indicates the presence of heat affect zone. A small area ahead of the heat
source also shows comparatively higher temperature because of the front parameter of heat source model.
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The heatinput from the heat source to the weldments gradually transferred to the rest of the base plate in all
directions due to conduction, convection and radiation phenomenon. Also the cooling effects can be
visualized by the decreasing temperature of the weld start position where the temperature drops around
10700K.

The evolution of temperature gradients, FZ and HAZ due to moving heat source along the weld path is
obvious from Fig.9. The maximum temperature attained at the torch location along with the double
ellipsoidal heat source distribution is evident. As the heat source moves away from certain point the
temperature drops significantly with the passage of time. After 32.667 seconds the melted region (17380K)
of the plate reaches a temperature of 10700K. It is believed that this high temperature heating with
subsequent cooling of the weldments is the only source for the weld induced imperfections. The computed
temperature histories of some selected test points throughout the welding heating and cooling sequence
are shownin Fig. 10.

Heat source position after
32.667 seconds

NVeld start

Figure 9: Temperature Distributions from FEM

The temperature distribution on the top surface (exposed directly to welding torch) of the plate transverse to
welding direction with base welding process parameters (WPP-1), heat source parameter (HSP-1) and
welding speed of 3 mm/secis shown in Fig. 11.

In a similar fashion the temperature history along the weld line at different time steps with the same welding
process parameters, heat source parameters and welding speed are shown in Fig. 12. Fig. 13 clarifies the
temperature distribution in a reference plane taken from the simulation, when the welding torch approaches
and crosses the plane. The rapid distribution of temperature in and around the fusion zone and then to the
HAZ are obvious. This also shows that heat conduction is primarily responsible for most of the heat flow,
whereas surface convection and radiation have little effects on FZand HAZ boundaries.

1 | | | I I
(XV.Z) indicates ——(0,3,10)
X=Distance from weld line (mm) —1 -1
Y=Distance in thickness (mm) - (20,3,10)

1 -— (40,3,100
=— (60,3,10)

—— (80,3,10)

Temperature {K)

250 500 750 1000 1250 500 1750 2000

Time (sec)

Figure 10: Temperature History of selected test points
throughout the welding heating and cooling process
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The effects of varying heat source parameters and welding process parameters on transient temperature
distribution and evolution of FZ and HAZ are shown in Fig. 14 to Fig. 17 respectively. Heat source
parameters distribution directly affects the boundaries and shape of the FZ and HAZ as shown in Fig. 14.
The decrease of the FZ with increase in heat source parameters depicts the lower value of heat density
applied to the surface exposed to the welding torch. The heat source parameters also affect the peak
temperature considerably in FZand HAZ as shown in Fig. 15.

The values of HSP-1 as compared to HSP-2 and HSP-3 show considerable peak temperature variations in
FZ and HAZ due to significant variations in the parameters. This dictates that the transient temperature
distribution is strongly sensitive to the heat source parameters.
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Figure 11: Temperature distributions on top surface of plate transverse to
welding direction with welding process parameters (WPP-1),
heat source parameters (HSP-1) and welding speed 3 mm/sec
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Figure 12 Temperature History along the weld line,
in weld direction at selected time steps

As was anticipated, the variation in total heat energy input to the metal i.e. variation of welding process
parameters primarily welding voltage, current and arc efficiency significantly affects both the boundaries
(magnitude) and shape (heat distribution) of FZ and HAZ along with affecting the peak temperatures in
both the zones.
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Figure 13: Temperature Distribution and evolution of FZ and HAZ
in a reference plane from Simulation

Figure 14: Effects of varying heat source parameters
on shape and boundaries of FZ and HAZ

As seen for heat source parameters, the effects of process parameters also have a little influence on
temperature distributions on the rest of the base metal. The comparison of temperature distributions on top
surface of the plate transverse to welding direction with varying welding process parameters and welding
speed of 3 mm/secis showninFig. 1.

With HSP-1 a gross power of 2187.5 watts is input to the upper surface of the plate. Similarly for HSP-2 and
HSP-3 the heat input is 3000 watts and 6000 watts respectively. The gross heat input is used for
comparison purpose only as in all the three cases the welding speed and arc efficiency are identical.
Further similar heat source parameters are used to explicitly get the effects of the variable heat input. The
high input in case of HSP-3 shows significantly higher peak temperature (25630K) as compared to HSP-2
(18300K) and HSP-1 (17200K). An important investigation here is that the peak temperature directly
depends upon the total heat input to the plate from the welding torch.

Fig. 16 shows the peak temperature achieved transverse to weld direction (section at z=90 mm) when the
heat source is applied at different welding speed to the plates. It is obvious that the increase in speed will
resultin a shorter stay of the heat source on a specific area, dictating the lower temperatures. The same is
indicated from the simulations in Fig. 16. The increase in speed only influences the peak temperatures in
FZ and HAZ and has very little effects on temperature in the areas away from the heat source. Fig. 17
shows the predicted temperature profiles along the welding direction with varying welding speed. The
maximum temperature from the weld start position (X=0 from Fig. 17) decreases along the weld direction
for a specific time step. Itis clear that welding speed significantly affects the peak temperature within the FZ
and HAZ with no significant effects away from the weld line.
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Figure 15: Effects of heat source parameters on peak temperatures in FZ and HAZ

Conclusions

A Gaussian distributed moving heat source model based on Goldak’s heat source model through author
written APDL subroutines and MATLAB scripts is implemented and experimentally validated for the 3D
finite element simulations of arc welding process. The influence of significant welding process; and heat
source parameters on transient temperature histories, shape and boundary of the FZ and HAZ is
successfully demonstrated. Based on the investigations from the present research work, the following
important conclusions can be drawn.
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Figure 16: Effects of welding speed on peak temperature transverse to weld direction
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Figure 17: Effects of welding speed on peak temperature along the weld direction
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The results shows that welding speed, heat source parameters and the total heat input to the plates can
significantly affects the peak temperatures in the FZ and HAZ. Also the shape and boundaries of FZ and
HAZ are sensitive to the changes in the input parameters.

GOLDAK'’s heat source parameters distribution directly has direct affects on the Boundaries and
shape of the FZ and HAZ. The heat source parameters also significantly affect the peak temperature in
FZand HAZ.

The total heat input to the plates has obvious effects on peak temperature achieved in the FZ and HAZ.
The change in temperature is approximately directly proportional to the heat input. Similarly the
increase in welding speed results in decrease of the peak temperature in the FZand HAZ.

Nomenclature

af Length of front ellipsoidal (m)

ar Length of rear ellipsoidal (m)
Width of heat source (m)

c Depth of heat source (m)

ff Fraction of heatin front ellipsoidal

fr Fraction of heatin rear ellipsoidal

Qf Power density in front ellipsoidal (W/m3)
Qr Power density in rear ellipsoidal (W/m3)
Q Total heat input (W)

I Welding current (amperes)

Vv Welding voltage (volts)

n Arc efficiency (% age)
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Fatigue Design and Validation of an ASME-Coded Pressure Vessel
R.A. Pasha’, N. A. Choudary® and M.A. Nasir’

Abstract

Fatigue is not the most common cause of failures of pressure vessels, but designers should always take it
into account due to the possible serious consequences of the failures of this type of structures and due to
the fact that all pressure vessels experience some kind of fatigue loading which includes pressure
fluctuations, mechanical and thermo mechanical loads.

In this work the fatigue assessment of a real size pressure vessel subjected to internal pressure
fluctuations is carried out. The design of pressure vessel and evaluation of its fatigue life was done
according to the rules provided in ASME boiler and pressure vessel code, section VI, division 2. Fatigue
life of designed pressure vessel was calculated by applying cyclic elastic-plastic finite element analysis.
Strains and acoustic emissions were monitored during real time test. Different results obtained using the
above stated procedure Designed and fabricated pressure vessel was tested experimentally. The
cyclic elastic-plastic FEA proved very useful tool for predicting fatigue lives of critical areas of pressure
vessel. Moreover experimental results were quite in favor of the numerical results. It was concluded that
cyclic elastic-plastic FEA technique should be used in conjunction of ASME boiler and pressure vessel
code, for the fatigue life evaluation of the pressure vessels especially those in which yielding of material
may occur at some localized areas.

Keywords: Fatigue, ASME-BPV Code, Pressure Fluctuations, FEA, S-N Curve.

Introduction

The ASME boiler and pressure vessel code provides a fatigue evaluation procedure which is based on a
comparison of peak stresses with strain cycling fatigue data. The strain cycling fatigue data is
represented by the design fatigue strength curves. In these curves the alternating stress is plotted
against the number of cycles. This stress is calculated on the assumption of elastic behavior but it does
not represent a real stress when the elasticrange is exceeded. The stress, on a gross scale, is elastic, but
the metal deforms plastically at some localized areas. Such plastically deformed areas are constrained
by the surrounding elastic material, thus the overall structural response remains elastic. However the
plastically deformed regions are potential sites for crack initiation resulting in a finite life of a component.
At higher stresses the fatigue life is progressively decreased, but the gross plastic deformation makes
interpretation difficultin terms of stress.

Fatigue design and fatigue related problems have been identified as a major area of concern in a 1996
survey conducted by the newly formed European Pressure Equipment Research Council [1].Chang T. Y
worked on elastic-plastic deformation of cylindrical pressure vessels under cyclic pressure. He used a
numerical procedure based on the finite element method and incremental solution approach for
analyzing cylindrical pressure vessels deformed in the state of generalized plane strain [2]. This present
task was performed using elastic-plastic finite element calculations applying sub modeling techniques.
This technique allows the structural details modeling using solid elements, applying boundary conditions
imported from a global model based on shell elements.

Design and Fatigue Evaluation by ASME Code

Pressure vessel is designed according to the rules of ASME boiler and pressure vessel code, section VIII,
division 2 [3]. Then the fatigue lives of individual parts of the pressure vessel are evaluated according to
the mandatory appendix 5. Three main parts of the pressure vessel i.e/ shell, flat head and nozzle were
fabricated separately and then the pressure vessel was tested under fatigue loading.

1,2&3
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Fatigue Test Description

The pressure vessel was subjected to an internal pressure fluctuation between 0 and 52.5 bars using water
as hydraulic fluid. Each cycle has time duration of about 20 Seconds. For stress measurement, five bi-axial
strain gauges were applied on different positions. In addition two acoustic sensors were also used for online
monitoring of acoustic emissions during pressure fatigue test. The stresses observed were well below the
material yield limit. High amplitude acoustic emissions were observed at about 5000 cycles. The amplitude
of signals was raised in later cycles as shown in Figure 1. The high emissions indicate the crack initiation
and growth. The test was continued for further cycles until we got highest amplitude about 100 dB.

Table 1: Designed Pressure Vessel Dimensions

Part of Vessel Parameter Calculated Value | Used Value
Shell Thickness 3 mm 3 mm
Flat Head Thickness 17.5 mm 17.5 mm
Radius of inner corner 9.5 mm 9.5 mm
Nozzle Thickness of cylinder 0.67 mm 3mm
Radius of inner corner 1 mm 1 mm
Thickness of flange 638mm 65mm

Fatigue Evaluation by ANSYS

ANSYS was used as the primary tool for obtaining cyclic elastic-plastic finite element solution of the current
problem. The numerical stress analysis of the critical details identified in previous section was carried out
using nonlinear finite element method. The S-N curve for the material “SA 516-G70” is corrected by data
available in ASME code. The loading type considered is constant amplitude zero based. The appropriate
stress concentration factors are also provided for correcting alternating stresses at such critical areas.
Moreover the strain hardening parameters are also given to the software for evaluating plastic strains. The
pressure vessels modeled and tested under the same condition as it was tested in actual. The pressure
vessel was failed from inner corner of nozzle after 5051 cycles. This result is very close to the fatigue life
analyzed by ANSYS.

lAmplitude(dB) ~ No. of Pressure Cycles
(Crack initiation cycles)
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Figure 1: Number of cycles Vs Amplitude

Comparison of Results

The vessel used in this research work was designed for a life of 4500 cycles. The fatigue life analyzed by
ANSYS is 5234 whereas experimental results showed an actual life of 5051 pressure cycles. The FEA and
experimental results are very close to each other as shown in Figure 2. Experimental stress analysis results
are also similar to the FEAresults. The stresses evaluated by both techniques are very close to each other
in all three main regions of pressure vessel as shown in Figure.3. Cyclic elastic-plastic FEA results showed
that the nozzle inner corner is the weakest area from fatigue point of view. These FEA results are also
validated experimentally because vessel was failed from same inner corner of nozzle.
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Conclusions

ASME-BPV code, although conservative, cannot evaluate the exact fatigue life of a pressure vessel
because; it provides the fatigue evaluation procedure for individual parts of a pressure vessel and not for
an assembled pressure vessel. Whereas the cyclic elastic-plastic FEA proved very useful to predict the
overall fatigue life of such pressure vessels. The slight difference in experimental and numerical results
occurred because of some manufacturing laps, software limitations and short duration of pressure
cycles. Shift in the experimental and numerical results is there but the overall behavior seems to be
identical. The elastic-plastic state of stress is observed at nozzle inner corner in this case. It proves that
although well designed pressure vessel could have some localized areas where yielding may occur. Itis
recommended for design engineers to evaluate such areas by FEA to save time and fabrication cost.
Acoustic emission monitoring during hydrostatic and cyclic pressure testing proved very useful to judge
the crack initiation and crack propagation phases of tested pressure vessel. Through FEA, we can
minimize the total design and analysis time. Moreover complex and stress concentrated areas of
pressure vessel can be evaluated quickly and accurately.
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Effect of Geometric Imperfection on Buckling Strength of
Cylindrical Shells

Khurram Shahzad', Sagheer Ahmed? and Himayat Ullah®

Abstract

In this research paper, effect of geometric imperfection on buckling of cylindrical shell subjected to different
types of loadings has been investigated using Finite element analysis and compared with analytical
model by Donnell and semi Empirical model based onexperimentation [1,2] of a perfect shell. In finite
element analysis Newton Raphson and Arc length methods are used. Based on the presented results
conclusions can be drawn concerning the shell behavior and its sensitivity to differentloadings.

Keywords: FE Analysis, Buckling Strength, Geometric Imperfections, Bifurcation.

Introduction

The shell structure is typically found in nature as well as in classical architecture [3]. Cylindrical shells have
been extensively used in all types of structures. They are subjected to various loading both static and
dynamic in nature. Among the most common types of loading are the axial compression, bending, torsion
and lateral pressure, which not only challenge the strength of the structure but could also cause
deformation of unacceptably large amplitude and could lead to loss of stability and collapse of the whole
structure.

Distributed loads due to internal pressure in storage tanks, pressure vessels or silos or to external pressure
from wind, marine currents and hydrostatic pressures are very well resisted by the in-plane behavior of
shells. On the other hand, concentrated loads introduce significant local bending stresses which have to be
carefully considered in design. Such loads can be due to vessel supports or in some cases, due to
abnormal impact loads in containment buildings of nuclear power plants, for example, codes of practice
usually require the possibility of missile impact or even sometimes airplane crashes to be considered in the
design. Inthese cases, the dynamic nature of the load increases the danger of concentrated effects.

The theoretical limits of bifurcation of equilibrium that can be reached using mathematical Models are upper
limits to the behavior of actual structures; as soon as any initial displacement or shape imperfection is
present, the curve is smoothed [4]. It is well known that the linear buckling prediction of thin shell is purely
theoretical and it should be reduced in order to account for the influence of geometric imperfection and
other defects.

The difference in behavior, compared with that of plates or bars, can be explained by examining the pattern
of local buckling as the loading increases. Initially, buckling starts at local imperfections with the
formation of outer and inner waves the latter represent a flattening rather than a change in direction of the
original curvature and set up compressive membrane forces which, along with the tensile membrane forces
set up by the outer waves, tend to resist the buckling effect. At the more advanced stages, as these outer
waves increase in size, the curvature in these regions changes direction and becomes inward as a result,
the compressive forces now precipitate buckling rather than resist it, thus explaining why equilibrium, at this
stage, can only be maintained by reducing the axial load.

Geometric imperfections caused by manufacturing are the main cause of the significant differences
between critical buckling loads calculated using classical methods and experimental buckling loads. Even
very small imperfections can cause a substantial drop in the buckling load of the shell. The sensitivity to
imperfection depends primarily on the type of shell and type of loading, and, to some extent, on the
boundary conditions. It may vary from moderate to extreme, even for the same shell geometry under
different loading or boundary conditions. For example, a cylinder under axial Compression is extremely
sensitive to imperfections whilst the same shell under external pressure exhibits much lower imperfection
sensitivity.

"*NESCOM, Islamabad, *MED UET Taxila
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Bifurcation Buckling [5]

If a structure is subjected to a given load and large increase in load results in a large change in the
equilibrium configuration of shell, the applied load is defined as buckling load and the emerging geometry
is called the buckling mode. The change in equilibrium configuration is usually a large increase in the
deflection of shell, which may or may not be accompanied by change in the basic shape of shell. There
are two types of buckling; bifurcation and nonbifurcation. A bifurcation point is a point in load history
where two branches of the solution are possible. The most common example of bifurcation buckling is the
buckling of simple column. The general shape of the load-deflection curve for such a member is shown in
Fig 1. Cylindrical shells are more subjected to bifurcation buckling.

Proposed Methodology for Nonlinear Buckling Analysis
The methodology is based on the following steps:

Linear buckling analysis

* FE analysis for cylindrical shells

» Analytical solution for shells under axial compression, bending, torsion and radial
pressure.
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Figure 1: Load-deflection curve showing bifurcation point and limit point
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Nonlinear buckling analysis

* FE nonlinear analysis of shell
» Semi empirical model by introduction correction factors in analytical model
The methodology is explained in the next section and all the above points are applied to specific shell.

Geometry & Material Characteristics of Cylindrical Shell

An aerospace structure has a circular cylinder of diameter 1500 mm, Length 1000 mm and thickness 2 mm.
This cylinder is subjected to various types of loads such as axial compression, bending, torsion and
external radial pressure. The cylinder is made of Aluminum Alloy Al 2219- T6 having Young’s modulus of
71.7GPa. We have to calculate the buckling strength under these loadings.

Geometric Nonlinearity
Geometric nonlinearity [7] is added in the model by reducing the thickness of the cylinder by factor of 10%
along the length of cylinder. 8/t=0.1.

Table 1: Physical Properties of Model

Cylinder Height 1000mm
Cylinder Diameter 1500mm
Cylinder Thickness 2 mm

Material Aluminum 2219-Té6
Young's Modulus 71.7 GPa
Poisson’s ratio 0.33
Yield Strength 248 MPa
(1.2-6mm plate)
Tangent Modulus 1824 MPa

Linear Buckling Analysis of Cylindrical Shell

FE (Eigenvalue) Analysis of Shell

Eigenvalue buckling analysis predicts the theoretical buckling strength of an ideal linear elastic structure. A
3-D model was built for a cylindrical shell of the dimensions given in the table, using ANSYS 9.0 finite-
elements software. The cylinder under discussion is modeled with Shell 181 element having six degrees of
freedom, 3 translations in X, Y and Z direction and 3 Rotations about the same axes. The shell was meshed
using quadrilateral shaped elements. The mesh size used is 15 mm on both circumferential and
longitudinal (axial) sides. This degree of mesh size refinement was chosen based on convergence
calculations carried out. This meshing scheme results in approximately 21,172 elements and 35,000 active
degrees of freedom.
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Analytical Solution of Shell [8,9,10,11]

Axial Compression Strength, Pth=0.10928*107N
Bending Strength, Mth = 506.8KN-m

Torsional Strength, Tth=157.2KN-m

External Radial Pressure Strength, Pth=0.02117 MPa

Figure 3: Finite Element Model of Cylinder
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Figure 6:1st mode shape (Bending) Figure 7: 9th mode shape (Bending)
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Nonlinear Buckling Analysis of Cylindrical Shell

A nonlinear buckling [12] analysis employs a nonlinear static analysis with gradually increasing loads to
seek the load level at which a structure becomes unstable. Using a nonlinear buckling analysis, you can
include features such as initial imperfections, plastic behavior [13], contact, large-deformation response,
and other nonlinear behavior. In a nonlinear buckling analysis, the goal is to find the first limit point (the
largest value of the load before the solution becomes unstable). The arc-length method [14] can be used to
follow the post-buckling behavior. Nonlinear buckling is more accurate than eigenvalue buckling, and is
therefore recommended for the design or evaluation of structures.
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Figure 8: 1st mode shape (Torsion) Figure 9: 8th mode shape (Torsion)
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Figure 10: 1st mode shape (Pressure) Figure 11: 3rd mode shape (Pressure)

Semiempirical Solution of Shell Buckling [8,9,10,10,13]
Axial Compression Strength, Pth=0.10928*107N
Applying plasticity correction factor, P=0.162141*106N
Bending Strength, Mexp = 155.4KN-m

Applying plasticity correction factor, M= 24.696KN-m
Torsional Strength, Texp =121.6KN-m

Applying plasticity correction factor, T = 77.574KN-m
External Radial Pressure Strength, Pexp =0.02117MPa
Applying plasticity Correction factor, P=0.003413MPa
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Nonlinear Buckling
F Arc-Length Methed

.

First Limut Point

Figure 12: Nonlinear Buckling
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Figure 13: Arc Length Method

Load vs Displacement Graph for Nonlinear Bucklingin FEA

Discussion of Results

Application of theory to the design of actual cylindrical shells is complicated by apparent discrepancies
between theory and experiment [13]. The table given below compares the Buckling loads of case study
cylinder subjected to axial compression, bending, torsion and external radial pressure using theoretical,
experimental and FEM approach. The FEM results are based on lowest factor obtained from eigenvalue
buckling analysis for linear analysis and for nonlinear analysis the limit load value.

36



Technical Journal, University of Engineering and Technology Taxila, 2008

Comprotsive Lead Are Lungth

Figure 14: Arc Length method graph (Axial compression)

Beading Lasd A% kigtd

1aad (V)
CEEBEEE

LI R
Displacems ot (mas)

Figure 15: Arc Length method graph with material

nonlinearity (Axiacompression)

Banding Lasd Arc Leagth & Matarial Noaliscarity
18000
16000 ¥
oy
[y
T o
L Ry
400 ¥+
o ¢
01
0 as 1 LS
Displace mest (mm)
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Table 2: Comparison of Buckling loads of case study using Theoretical,
FEM and Semi-empirical approach in linear & nonlinear behavior

Loading Linear Nonlinear
Theoretical FEM Experimental FEM
Compressive | 0.10928x10'N | 0.11030x10'N | 0.235619x10°N | 0.241x10°N
Bending 506.8KN-m 168KN-m 155.4KN-m 157.260KN-m
Torsion 157.2KN-m 77.574KN-m 121.6KN-m 60.01KN-m
Pressure 0.02117MPa 0.02322MPa 0.02117MPa 0.0221MPa

Table 3: Comparison of Buckling loads of case study using Theoretical, FEM and
Semiempirical approach in material nonlinear behavior for imperfect cylinder

Loading Geometric Imperfection
Linear Non linear Material
Nonlinearity
Compressive 0.63585x10°N 0.138923x10°N 0.097895x10°N
Bending 109.65KN-m 102.643KN-m 16.634KN-m
Torsion 47.532KN-m 36.7703KN-m 16.6647KN-m
Pressure 0.015172MPa 0.014403MPa 0.0026858MPa

Conclusions

1.

38

There is large discrepancy between theory and design data for buckling loads. For shells in which longitudinal compression of
the cylinder wall is included such as compression the discrepancies can be small between FEM results and experimental
results but for bending the variation between two results is large theoretical buckling value is 3.01 times more than numerical
value. For shells in which shear of circumferential compression predominates such as external pressure and torsion, the
discrepancies are generally less severe. But in case of torsion theoretical buckling load value is 2.02 times more than
numerical value.

Buckling load is reduced due to material nonlinearities & geometric imperfection.

Result shows that in axial compression buckling strength reduces by 1.71 times, in bending buckling strength reduces by 4.62
times, in torsion loading case buckling strength reduces by 3.3 time and in external pressure case buckling strength reduces
by1.4 time.

These results show that geometric imperfection has major effect on buckling strength and behavior of shells under different
loading conditions.

From results itis shown that shells is more sensitive to buckling in bending load as there is large difference between theoretical
and numerical results so we can’t predict the exactly buckling load.

But for buckling load ,the most severe load case study is external pressure as it resulted in lowest buckling strength.
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Configuration Management of EN 30B Steel Parts Machining Processes
Khalid Hussain' and Khalid Mahmood®

Abstract

The processes involved are supporting documents, designing phase, Computer Numeric Control (CNC)
machining, heat treatment, NDT and Quality Assurance for producing final product EN30 B steel partsin a
local industry. Every product made will be a part of an assembly and every assembly will be part of the
complete assembly. At the end when all assemblies integrate, it is the completion of the project. Each
project must have its own identification number in the Configuration Management (CM). Many of these
assemblies are also called Configuration Item (Cl). This will have a serialized unique number for
identification in CM, on the basis of each project. The manufacturer identifies that part from its identification
number and implements the processes according to the instruction. The manufacturing processes for
making partlies in two categories one is called Critical and the other as Non-Critical.

The CNC machining has two methodologies that is (a) to machine the component using the programming
options provided by the manufacturer. (b) The second aspect involves, Computer Aided Manufacturing
(CAM), which has very lengthy procedures that makes it impossible to maintain the quality of the product.
The programs are executed in two stages Roughing and Finish Machining. The parts are heat treated to
desired hardness level of 47-50 HRC after the rough machining and then the parts are finish machined to
the required sizes and tolerances. At this stage, component is sent for de-burring and tapping and then it
undergoes NDT by using dye penetrent method. The parts are given cadmium plating as a surface
treatment and then the final Quality Assurance (QA) inspection.

Keywords: Configuration Management, Configuration Item, Computer Numeric Control, Computer Aided
Design, Computer Aided Manufacturing, NDT, Cadmium Plating, EN 30B Steel.

Introduction

The first step to start manufacturing a part requires drawing from the Configuration Management section.
The responsibilities of in charge manufacturing section are (a) to Raise a form for issuance of the complete
documents for that part, (b) getting the required materials (c) and allocation of the drawings.

The concern section will study the drawings and then complete the job by including necessary tooling,
fixtures, gauges, and equipments needed for production of parts.

Selection of the required program for making the component is based on two methodologies (a) manual (b)
and Numeric Control (NC) Data. For manual program, the operator will use Computer Aided Design (CAD)
and for NC data, by using different software’s i.e. Pro-E and Quick CAM etc [1]. After generating code, for
verification a simulation run is made by using machine graphics. After setting as per required program for
the CNC machine, its feed and speed is calculated, according to the material specification. The four basic
ideologies for successful running the Configuration Management System are, (a) all data and equipment
items must be identified, (b) and an individual or a group will be responsible for issuance and control of all
configuration identifiers. (c) Then a system is established with written procedures for controlling
identification operations. (d) An independent control group is established to verify correct identification
procedures for the manufacturing processes involved.

Tool Life Management

Tool life management is very important in the manufacturing processes for making a quality product. The
life of all those tools which will be involved in the processing of the part must be measured and calculated.
This is necessary both for machine and also for tools. The tool coolant is a necessary in machining
operation. Process inspection should be carried out at each stage, so that chances of error should be
minimized [1].

"% National Engineering and Scientific Commission, Islamabad.
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Machining Process

To develop a perfect and accurate metal parts the CNC machine is the best. Table-1 is the sequence of the
machining process (NC Data) to manufacture a part. The NC data is guide line for CNC machine.

Heat Treatment

The EN30B Steel is purchased in annealed condition for ease in machining. After rough machining
it is required to be heat treated to achieve the hardness between 47~51 HRC. For this purpose, the parts
are heated to 820°C and held at this temperature for half hour [2]. This time is based on the maximum
section thickness of the component. As there are some dimensions which are finally machined at this
level, for example threads which are tapped, therefore it is recommended to heat treat the
components in a vacuum furnace. If not treated in a vacuum furnace, the scale will appear on the parts
surface which will result into a lost of tolerances dimensions. Then the parts are quenched oil. At this stage,
residual stresses are induced in parts due to thermal gradient in the quenching process. Therefore, after
hardening it is recommended to temper at 190-200°C for one hour to achieve the desired hardness range
and getrid off residual stress [3].

Surface Treatment

The surface treatment of the metallic parts is usually done to protect the part from environmental attack.
Different surface techniques which can be used i.e. (a) Cadmium Plating, (b) Zinc Plating, (c) Electroless
Nickel Plating and Phosphateing.

Table 1: Sequence of Machining Processes (Nc¢ Data):

(F25B) N3.8X558.496 N7.8X558.496 N10.8X-20.
N1.0G71 N3.9Y2.171 N7.9Y6.118 N10.9Y9.066
N1.1G17 N4.0X-20. N8.0X-20. N11.0X558.496
N1.2G90 N4.1Y2.368 N8.1Y6.316 N11.1Y9.261
N1.3T0101M13 N4.2X558.496 N8.2X558.496 N11.2X-20.
N1.4S1500M3E01 N4.3Y2.566 N8.3Y6.513 N11.3Y9.457
N1.5G0X-20.Y0. N4.4X-20. N8.4X-20. N11.4X558.496
N1.6Z100. N4.5Y2.763 N8.5Y6.711 N11.5Y9.653
N1.7G1Z32.618F50 N4.6X558.496 N8.6X558.496 N11.6X-20.
N1.8X558.496 N4.7Y2.961 N8.7Y6.908 N11.7Y9.849
N1.9Y.197 N4.8X-20. N8.8X-20. N11.8X558.496
N2.0X-20. N4.9Y3.158 N8.9Y7.105 N11.9Y10.044
N2.1Y.395 N5.0X558.496 N11.8X558.496 N12.0X-20.
N2.2X558.496 N5.1Y3.355 N9.0X558.496 N12.1Y10.24
N2.3Y.592 N5.2X-20. N9.1Y7.303 N12.2X558.496
N2.4X-20. N5.3Y3.553 N9.2X-20. N12.3Y10.436
N2.5Y.789 N5.4X558.496 N9.3Y7.5 N12.4X-20.
N2.6X558.496 N5.5Y3.75 N9.4X558.496 N12.5Y10.631
N5.5Y3.75 N5.6X-20. N9.5Y7.696 N12.6X558.496
N2.7Y.987 N5.7Y3.947 N12.4X-20. N12.7Y10.827
N5.6X-20. N5.8X558.496 N9.6X-20. N12.8X-20.
N2.8X-20. N5.9Y4.145 N9.7Y7.891 N12.9Y11.023
N5.7Y3.947 N6.0X-20. N9.8X558.496 N13.0X558.496
N2.9Y1.184 N6.1Y4.342 N9.9Y8.087 N13.1Y11.219
N5.8X558.496 N6.2X558.496 N10.0X-20. N13.2X-20.
N3.0X558.496 N6.3Y4.539 N10.1Y8.283
N5.9Y4.145 N6.4X-20. N10.2X558.496
N3.1Y1.382 N6.5Y4.737 N10.3Y8.479
N6.0X-20. N6.6X558.496
N3.2X-20. N6.7Y4.934
N6.1Y4.342 N6.8X-20.
N3.3Y1.579 N6.9Y5.132

N7.0X558.496

N7.1Y5.329
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We applied cadmium plating to give excellent rust protection, especially in the marine environment
[4]. The plating layer of 8-12 micron is required. After cadmium plating, steel parts are subjected to de-
embritlement process, at 190°C for 23 hours in furnace [5]. Usually the steel parts having UTS greater then
1000 MPa are subjected to de-embritlement process and as the UTS increases baking time also increases.
The purpose of this process is to remove the nascent hydrogen which is induced in the parts during
electroplating process. avoiding the process results into decreasing the mechanical prosperities of the
steel parts, especially impact properties.

Configuration Management

The successful methodology for the completion of parts is to identify the complete and accurate information
through Configuration Management. To fulfill the customer’s requirement for performance of a part in the
field is not possible, without ample identification. With an organize mechanism all the components of a
system will be tied together into a uniform package before going into the manufacturing processes.

(@) General Requirement

To accomplish the user requirement through identifying and inter relating the parts assemblies in
the project the associated documents must be accepted by the user. There are seven key points
to achieve the target and to meet the user requirements:

(a) Identification of contractinformation
b) Drawings and engineering data
c) Deliverable parts and data
d) Technicalinformation
)

Change information

f) Actingin accordance with customer acceptance procedures

~

(
(
(
(e
(
(g) Actingin accordance with inspection

(h) Demonstration requirements

For different parameter involved in this procedure [6] see Figure1.

According to the customer/user requirement, the configuration management officer must focus the main
three areas /a\Mamnnea and aacinn all ennfiniiratinn identificatinon niimheare (h) annlhv theea niimpers to

dataan Assembly

! ! '

User Final Change
Requirements Product Control
—» Work Instruction — Detail Drawing—> ECP
™ Condition ™ Data Pack — PCMB
- > o
Acceptance Criteria Spares
— - —
Monitoring & Testing Associated Documents Traceability of ECP

Figure 1: Area of Identification
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User Requirements

There must be an authenticated document in which user’s requirements are listed.
The Configuration Manager is responsible to generate this document. This document should
be approved by the Project Manager, System Engineer, Originator of the document
and Configuration Manager. All the terms and conditions must be defined in that document.
After signature of all team members this document should archive in document control center
with Master Copy stamp. In this document all the necessary information should be
mentioned, about the product, the expected results of the product, starting date and final date
of the project. There should also be a list of associated documents which will be given to the
customer with the product. Aformal change criteria, is also the part of this document [6].

Work Instruction

In this document all the procedures/steps will ensure for an operator or manufacturer. From
araw material to a finish product, all stages are mentioned according to their sequences over
there. If any special instruction is required for manufacturing the part a separate section must
be mentioned in this document.

Acceptance Criteria

After illustration the user requirement, another document which is very important for
manufacturer as well as user that is “Acceptance Criteria”, in which all parameters will be
defined in this document on the basis of which a product / part will be considered as a final
product according to the user requirement. When manufacturer design and develop a
product according to the requirement and also in the light of acceptance criteria, then final
product/part will be acceptable to the user.

Monitoring and Testing

The QA representative who has been sited in manufacturing premises is responsible for
monitor and test the product on each stage. All those steps on the basis of which a user will
accept that product has been mentioned in “Acceptance Test Criteria”. In the light of
Acceptance Criteria all the testing and monitoring will be carried out. On the basis of
Acceptance Criteria QA has been generating a document “Inspection Test Instruction”. This
document is supposed to be a rod map for QA rep for monitoring and testing according to the
userrequirement.

Final Product

After applying all processes from work instruction to monitoring and testing, a raw material
convert in final product/finish product. The more documents or helping documents will be
required for support and archive the history of the product, i.e. (a) Detail Drawing, (b) Data
Pack, (c) Spares, (d) and associated documents.

Detail Drawing

Detail drawing of a part is the basic document for production. It this document is issued from
configuration management office, it consider as an authenticated and latest document
for production. Each drawing of a part also contains the information about its “Next
Higher Assembly” and also “Used On”. This information is placed on the top right corner of the
drawing. The issue no. of a drawing is the important information about the latest version of the
part. When an issue is changed, the Engineering Change Procedure will be carried out for
updating the drawings.

Engineering drawing and data

In this document all dimensions, tolerances etc will be mentioned. This document has also contained the
nomenclature of the part, unique number with reference to assembly and information about the next
higherassembly (main assembly)and used on (Cl)information. Detail drawing, parts list, “Family Tree” is
required to identify the design and elaborate the breakdown of each step in the system. With the help of the
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family tree a system or project can be identified easily that is from main system to the last part of the project
is identified. The family tree is the key document to explain the system’s assemblies, sub-assemblies, sub-
sub-assemblies of making a part. All associated documents are also reflected in this document as shown in
Figure -2[6].

(a) Engineers Support

Practitioners rejected the early systems because they were helping the configuration
manager, and bothering everybody else major move toward acceptance was to consider the
software programmer as a major target customer: helping him/her in the usual Software
Engineering (SE) activity became basic service [6].

Conclusion

The Configuration Management for both Hardware and Software is a mechanism to identify for all data,
equipment items and configuration identifiers. This identification must provide facility to uniquely identify
and select any metal part or its documents. The identification must be consistent and have uniform format.
The tools life of all those processes which are involved in the machining of the parts must be measured and
calculated. Cadmium is used to give excellent rust protection especially in marine environment. The plating
layer thickness was 8-12 micron. The specifications, requirement and procedure of all the machining
processes must be identified through associated documents to have a control over these processes.The
successful methodology for the completion of parts is to identify the complete and accurate information
through Configuration Management.
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Figure 2: System as per Configuration Management Family Tree
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Usage of Crack Growth Prediction Software Codes for Life
Assessment of Aerospace Structures

Wagas Anwar' and Nazeer Ahmad Anjum?

Abstract

Damage Tolerant Design plays a major role in the Aerospace Industry not only in the design of new
structures and components but also their ongoing maintenance and support. Damage Tolerance Analysis
(DTA) is a procedure that defines whether a crack can be sustained safely during the projected service life
of the structure. Using this methodology, service life of an aerospace structure can be determined and may
be extended up to a certain limit as well. Whole procedure for life Assessment of an aerospace structure is
very complicated and involves vast area of expertise in Fracture Mechanics, However there is a domain of
using state of the art software codes for Crack growth Prediction, Finite Element Analysis and Vortex
Lattice Methods.

In this research paper the practical procedure for usage of Crack Growth Prediction Software codes is
discussed in details, which is one of the main parts for DTA of any cracked component of an aerospace
structure. The same application may be used for life prediction of any other engineering component under
fatigue loadings. Mainly the usage of AFGROW code is discussed which is developed by United State Air
Force, and available freely for public. For the context and continuity of work other software codes such as
PATRAN/NASTRAN for Finite Element Analysis and Athena Vortex Lattice for aerodynamic loads
distribution is also discussed secondarily.

Effect of crack growth increment on the convergence of the residual strength is investigated for a wing
component of an aircraft. Simulations are based upon Linear Elastic Fracture Mechanics (LEFM) laws that
are performed to result the damage scenarios to be assessed in the real structural geometry and loading
environment using Stress Intensity Factors, Critical Crack Size, Multiple Sizes Damage and Residual
strength calculations. The purpose of this paper is not the publicity of any software company but only to
share the experience.

Keywords: Athena Vortex Lattice, AFGROW Code, PATRAN/NASTRAN,FE Analysis, Cyclic Fatigue,
Stress Spectrum.

Introduction
1954: 'Metal fatigue' caused Comet crashes (BBC News)

The public inquiry into the Comet airliner disasters has heard that metal fatigue was the most likely cause of
two recent crashes. The first crash happened in January, when 29 passengers and a crew of six lost their
lives off the Italian island of Elba. The Comet's certificate of airworthiness was withdrawn after second
crash, just three months later. Fourteen passengers and seven crew died when the plane went down off the
coastnear Naples. [1] Cyclic Fatigue is the failure mode associated with repeated loading and is one of the
main factors that limit the life of mechanical devices [2]. Damage Tolerance Analysis is necessary to
illustrate the process of estimating crack growth behavior, which is used for setting inspection intervals of
an air craft. The air craftis then inspected on that declared intervals of time to avoid any catastrophic failure.
In this work a major structural member of an aircraft, ‘Main Spar Joint to Main Frame’ is considered. The
analysis goal is to estimate the crack growth behavior of the main spar hole which is more likely under
fatigue loadings then other locations.

The requirements before going to Damage Tolerance Analysis involve a number of tasks such as, Usage
Spectrum Monitoring, Material Testing of Critical Components and Ground Stress Strain Tests. For more
reliability of results Ground Fatigue Teats may be conducted. Output from these tests turns out to be the
input of DTA. In case of aerospace structures the provision of Original Equipment Manufacturer (OEM) data
may facilitate a lot to reduce number of experiments required for validation of different material properties
that plays animportantrole in crack propagation.

'National Engineering and Scientific Commission of Pakistan and * MED University of Engineering & Technology, Taxila.
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Figure 1 & 2: Flow chart for identifying critical structure & other activities

Identification of Critical Areas

A finite element model was developed using MSC PATRAN 2005r2 which is a three dimensional
representation of a functional wing structure. Represented in the model are all spars, ribs, skin and
additional secondary structure deemed relevant to the stiffness and load path behavior. After calibration of
this model to experimental Ground testing results, the correlated model was run with the aerodynamic
loads obtained from Vortex Lattice Method analysis to deliver internal loads input to the Damage Tolerance
Analysis.

Figure 3: Internal Load Model of aircraft wing

Figure 4: Critical Area Detection
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It was primarily intended to model the relative load distribution within the wing structure with the focus on
main spar to main frame joint. It was expected that any absolute values extracted are to be scaled against
known valued or substantiated using an independent analytical approach.

Panel Loads Calculation

Athena Vortex Lattice (AVL) is best suited for aerodynamic configurations. AVL is developed by
Massachusetts Institute of Technology and freely available to general public with its user manual. [3].

The wing modeled is mainly consists of thin lifting surfaces at small angles of attack. These surfaces and
their trailing wakes are represented as single-layer vortex sheets whose trailing legs are assumed to be
parallel to the x-axis. If a fuselage is expected to have little influence on the aerodynamic loads, it is simplest
to just leave it out of the AVL model. AVL assumes almost steady flow, meaning that unsteady vorticity
shedding is neglected. More precisely, it assumes the limit of small reduced frequency, which means that
any oscillatory motion (e.g. in pitch) must be slow enough so that the period of oscillation is much longer
than the time it takes the flow to traverse an airfoil chord.

AT

Figure 5: AVL Model Showing Lift Distribution

AVL works with three input files; all in plain text format. Ideally these all have a common arbitrary prefix
"xxx", and the following extensions:

xxx.avl required main input file defining the configuration geometry
XXX.Mmass optional file giving masses and inertias, and dimensional units
XXX.run optional file defining the parameter for some number of run cases

The user provides files xxx.avl and xxx.mass, which are typically created using any text editor. Sample files
are provided for use as templates. The xxx.run file is written by AVL itself with a user command. It can be
manually edited, although this is not really necessary since it is more convenient to edit the contents then
write out the file again.

After getting lift distribution from AVL, the FEA model can be run for these loads, resulting high stress
concentration areas. Hence, the component was selected for further DTA after verification of its criticality in
air craft structure.
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Fatigue Crack Growth Curves
The driving force for fatigue crack growth is described by the range in stress intensity factor

(A K=Kmax-Kmin)

And fatigue crack growth data are commonly represented on a log-log plot of crack growth rate (da/dN)
versus AK as shown in Figure6. Typically, three different regions of the FCG curve are considered in
developing analytical models to represent empirical data as shown in Figure.6. by the roman numerals.
Region | is the “near-threshold” region in which very slow crack growth occurs and where no growth occurs
below a threshold value of driving force, denoted as AKth. Region Il is the linear, steady-state region of the
crack growth curve. In the higher growth rate portion of the curve, Region lll, rapid and unstable crack
growth occurs as final fracture is approached when Kmax equals Kc, the fracture toughness of the material.

[4].
Over the years, a number of relationships have been developed to represent all or parts of the typical range

of Fatigue Crack Growth (FCG) data, the simplest being the Paris equation [5]. Developed in 1963 to
represent the linear region of the curve:

da .

N= C (AK)
Where C and n are empirical parameters determined from a curve fit to test data. This original model is still
in use today for many applications; more advanced models essentially build on the Paris equation by
addressing mean stress effects, threshold behavior (Region I), the instability asymptote (Region Ill), and
fatigue crack closure.

K
1 E-02 -

1603 Ini
1.E 04

1. E-05

daldN

1 E-06

1. E07

1. E08

1 E-09 4
1 AK,, 10 100

AK
Figure 6: Typical Fatigue Crack Growth Curve Showing Three Regions (I = threshold, Il = linear, Il = instability)

The Walker equation [6] is a linear model that incorporates mean stress effects through the use of a load
ratio, R, where R = & min/d max or Kmin/Kmax. The Walker and AFGROW fits are shown plotted against
the experimental data in Figure.7. For clarity, the Paris equation has not been plotted. It can be seen from
Figure.7 that the NASGRO equation provides a good representation of the knees in the data near the th
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reshold region. For the NASGRO equation fits there is some uncertainty as to the fit for the instability region;
some conservative judgment was needed in the fitting process in this case. NASGROW database for the

selection of material corresponding to crack growth rate curve, is available in AFGROW [7].

1E44 —
- —— NASGRO Cgn. R = 8.1
- —akerEanR=01 [T 777
------- e Samp & m=0.1 L
1605 4 Samp B Re0.1

1EANC
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il
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Figure 7: Comparison of Walker and NASGROW Curves with the Samples Tested

Material Selectionin AFGROW

"
Dedta K { kab-root-ind

100

Certain parameters were set when a material was selected from the NASGRO material database;
AFGROW requires a few parameters that are not directly required for the NASGRO equation. It also allows
you to open a previously saved file for a material which may not be available in the database. AFGROW will
also allow users to enter data for a single R-value. In this case, the user defined data will be used regardless
of the stress ratio for a given analysis. This may be useful in cases where rate data is scarce and the user s
only interested in predicting constant amplitude loading (constant R). [8].

Application of Stress Spectrum

AFGROW includes Fighter Aircraft Loading Standard for Fatigue Evaluation (FALSTAFF) spectrum that
was applied to selected component geometry. In addition to this user can also define constant amplitude
loading spectrum or variable amplitude loading spectrum, according to the application. The Standard
FALSTAFF spectrumis show in figure.9.[9]
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Figure 8: material Database browsers in AFGROW
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Figure 9: FALSTAFF Loading Spectrums
Results

After providing of all the inputs required in AFGROW, the solution was run, resulting the curve between
crack size and number of stress cycles or flight hours, as shown in figure 10. It predicts the life of a critical
structural component, being used in an aircraft wing, Hence the estimated structural life of the whole

aircraft.
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Figure 10: Resulting Graph between Crack Size and Service Life in Hours
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Non-Linear Finite Element Analysis of Non-Gasketed Flange Joint
under Combined Internal Pressure and Different Thermal Loading
Conditions

Muhammad Abid ', Ahsan Rauf? and Shahab Khushnood®

Abstract

Performance of a flange joint is characterized mainly due to its ‘strength’ and ‘sealing capability’. These
fundaments joints characteristics are affected in steady state and transient operating conditions.
Conventional gasketed joints are prone to failure even under internal pressure loading and their
performance becomes worst under applied steady state and especially at transient operating conditions.
Non-gasketed joints due to the inherent static mode of load are considered as an alternative to the
conventional gasketed joints for comparatively better joint strength and sealing capabilities. This paper
presents the behavior of a non-gasketed bolted flanged pipe joint under bolt up, combined internal
pressure, steady state and transient thermal loadings. From results flange rotation, loss in contact pressure
between flange pairs, pre-load loss is observed. Based on the results, for proper joint performance,
consideration of thermal loading in flange design codes is recommended. Finite element model is also
verified with the available classical theories and discussed.

Keywords: Non-Gasketed Flange, Finite Element Modeling, Stress Intensity.

Introduction

The most significant contribution by Waters et al [1], for the comprehensive flange design and is the basis
of well-known Taylor Forge method, BS 5500 [2], ASME VIII [3] and many other codes, do not address the
effect of thermal loading on the flange joint’s performance. Murray and Stuart [4] performed flange analysis
for taper hub flange, removing many of the assumptions of Water’s model. A number of numerical studies
are available for internal pressure loading only [5, 6]. Extensive experimental studies for combined internal
pressure, axial and bending loading are performed by Abid [7] to observe joint’s behavior.

From these studies, failure of the gasketed flange joint is highlighted both in terms of its strength and
sealing, even during bolt up conditions and becomes worst under operating conditions From this
detailed study it is concluded that non-gasketed, metal-to-metal Contact joint, without a separating
gasket is concluded as having ‘static mode’ of load due To no significant movement of the flange faces with
a change in bolt up and operating conditions. Nechache et al [8] performed analytical and finite element
analysis (FEA) for the determination of the steady state operating temperature profile, and the bolt load
changes for the case of flange joint with a blind cover. Abid et al [9] has performed detailed FEA under
steady state conditions for the non-gasketed flange joint. This paper presents detailed 2-D FEA under
steady state and transient thermal loading in addition to internal pressure applied. Flange joint equivalent to
4 inch, 900 classes is used in this study.

Finite Element Modeling

In the previous work by Spence et al [11] and Abid et al [5,12], only 2-D finite element modeling and analysis
is performed for internal pressure loading only. Bouzid et al [8, 13] performed FE studies using elastic
material model for combined internal pressure and steady state thermal loading. In the present work, a
detailed 2-D parametric FEA is performed using elasto-plastic material model for combined internal
pressure, steady state and transient thermal loading. Second flange is modelled as a symmetry plate. The
PLANE 82 solid structural element, PLANE 77 thermal element was used to model flange, bolt and
symmetry plate. The two-dimensional ‘node-to-surface’ CONTA175 contact elements in combination with
TARGE169 target elements were used to simulate contact distribution in analysis. 2D FE model is shown in
Fig.1a, whereas steady state and thermal boundary conditions are shown in Fig. 1b & 1c. Material
properties used are given in Table-1.

' Faculty of Mechanical Engineering, GIK Institute of Engineering Sciences and Technology, Topi.
* Mechanical Engineering Department, University of Engineering & Technology, Taxila.
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Table 1: Allowable stresses

Parts E Allowable K a v p Cp
(MPa) | Stress (MPa) | (W/m-K) | (m/m-K) (kg/m’) | (J/kg.k)
I;a"ﬁf 203395 248 47 12.5e-6 | 0.3 | 7.86e-6 | 448
ipe
Bolt "' | 204000 640 37 14.1e-6 | 0.3 | 7.75e-6 | 486

Boundary Conditions

The flange was free to move either in axially and radial direction. Symmetric plate is constrained in both
radial and axial directions. Bolt is constrained along centre nodes at the bottom surface in x direction and is
free to elongate in the y-direction. Bolt Preload of 512MPa, which is 80% of the yield stress of the bolt
material is applied as a bolt pre-stress value for better joint strength [5,15]. After pre-stress application, an
internal pressure of 15.3MPa was applied at the inside diameter which is the design pressure for flange
size of 4 inch 900# class as per code [2]. The application of the internal pressure also included the
contribution of the end-cap loading. This was applied to the end of the pipe, a suitable distance away from
the joint [16]. An internal fluid temperature of 1000C with convection heat transfer co-efficient of 150E-
06W/mm2-k was applied on the inner surfaces of pipe and flange. Internal temperature then increased from
100-4000C. Ambient temperature was kept constant at 150C with convection heat transfer co-efficient of
20E-06W/mm2-k. [17-19]. In transient thermal analysis initial temperature of the joint was taken as 150C.
Then internal fluid temperature was raised from 100-4000C with heat transfer coefficient of 150E-
06W/mm2-k. Ambient temperature was kept constant with heat transfer coefficient of 20E-06W/mm2-
k.The change in the temperature of the joint was calculated at each second from the start of transient to
reach steady state [18].
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4 surface of Ppe and flange nug
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1 4 | sutlace of pype, bolt brad sl
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.
Fuxed Ul
-
-
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Figure 1: (a) 2-D FE Model, (b) Steady state, (c) transient thermal boundary conditions

FEA Model Verification and Results Discussion

Lame’s theory [20] is used to verify the radial, tangential and longitudinal stresses in the pipe under internal
pressure loading. Mathematically calculated [21] and FEAresults under internal pressure, steady state and
thermal loading at pipe section are found in good agreement [Fig. 2a,b]. Time required reaching for the joint
toreach in steady state at the outside surface of the pipe is calculated mathematically.

Flange Stress Intensity (SINT)

Stress intensity in the flange under bolt up, internal pressure and different thermal loading is shown in Fig.
4. Flange is observed relaxed more at the start of the transient process as compared to when it reached the
steady state. Flange relaxed 5% more at 76 seconds at 1000C, 15% more at112 seconds at 2000C and
15% more at 124 seconds at steady state temperature.
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Figure 2: FEA model verification for; (a) Stresses, (b) Temperature at pipe inside diameter
under steady state and transient loading (Th-Theory, SS-Steady state, TR-Transient)
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Figure 4: Max. SINT variation in flange with time

Bolt Stress Intensity (SINT)

SINT in the bolt increased in the early transient of steady state. At bolt up SINT in the bolt was (656 MPa)
that further increased to (5659 MPa, 560 MPa and 562 MPa) at 35% (i.e. at 76,112,124 Sec) of steady state
temperature 1000C, 2000C and 3000C respectively. This increase at 35% of steady state temperature
shows that it requires time some for heat to reach in the bolt. Flange expanded at this time of temperature
loading and bolt does not expand that ultimately increases the load on the bolt.
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Contact pressure variation at flange inside diameter

Contact pressure at the inside diameter of the flange ring is decreased under internal pressure loading [Fig.
6] and then slightly increased at the initial transients and finally again decreased at the steady state
condition. This relaxation in contact pressure at the inside diameter can result in the possible leak from the
joint.

—8—transient
| | —m— Steady state

Time(Sec)

Figure 6: Contact pressure variations at flange inside diameter with time

Axial flange displacement atinside diameter

Internal pressure tends to separate the contact nodes between the flange pairs at inside diameter [Fig. 7].
At the initial transients the gap tends to close at the contact nodes at inside diameter. As soon as the joint
reach steady state, the contact nodes again tend to separate. Increased in fluid temperature tends to open
the gap more after reaching in steady state.
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Figure 7: Axial flange displacement at inside diameter with time

Fundamental Joint Characteristics

In this section, behavior of non-gasketed bolted flanged pipe joint under steady state and transient thermal
loading is discussed. Specific emphasis is given to the strength and to the possible sealing characteristics
of the joint. Correct functioning of a flanged joint is given if it is tight, and its integrity is guaranteed for the
entire period of operations. Integrity is achieved by limiting the stress in the component and tightness
means that the joint remains within its Tightness class under all states of operations, i.e. the leak rates are
within the specified limits. Sealing ability can not be determined directly from this finite element work since
no direct correlation to leakage has been made by the present author. However Abid [22] during his work for
leakage provided this direct correlation using experimentental study and has concluded that leakage is
directly proportional to the gap at the inside diameter of flange. Hence, any comments about the sealing
ability of the flanged joint will be based upon the contact pressure and initial gap at inside diameter of the
flange. For accurate prediction of the leakage behavior, further experimental work is obviously required to
determine the relation ship of contact pressure and the sealing ability of the joint.

Joint Strength

At maximum allowable working pressure of 15.3MPa, the maximum stress intensity in the flange is less
than the allowable stress of the flange material. The stress is higher at the hub flange fillet. A higher stress is
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also observed at the area under the bolt head, due to high applied preload in the bolt. The rotation of
the joint from inside to outside diameter is almost negligible at the allowable working pressure. There is
high stress at the top of the bolt shaft close to the bolt head and shank corner. However no yielding is
observed and the maximum stress in the bolt is less than the allowable stress of the bolt material.
There is small increase of bending stress in the bolt when the joint is subjected to transient thermal
loadings. This increase in the bending stress is observed when the joint comes in operation after
installation. No yielding is observed in the joint components in operating conditions, so joint is
concluded safe.

Sealing Capability

The sealing of joints is measured from the contact pressure variation between the flanges faces under
all the applied loading conditions. After bolt up, two surfaces of the flange pairs compress each other.
This contact pressure is essential for the sealing of the joint. The application of internal pressure and
addition thermal loading tends to decrease the contact pressure between the flange pairs. After the
installation of joint the initial transient’s increases the contact pressure but when the joint reach its
steady state, contact become loosen and can result in possible leakage.

Conclusions

It is concluded that the non-gasketed joint has structural integrity under applied operating conditions.
But the sealing capability of the joint is affected with thermal loads. These thermal loads tend to relax
the joint. The sealing capability of the joint is related to the contact pressure between the flange faces.
Early transition of thermal loadings relaxed the flange more as compared to steady state thermal
loading. It also increased the load on the bolt. It is concluded from transient analysis that the joint is
safe from leakage in early transit but prone to leakage as the joint tend to attain steady state.
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