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Abstract: For the safe design of aircraft bleed air system ducts and assessment of ducts with
minor cracks found in the quality inspection, it is required to understand and predict the crack
behavior and leak-before-break air leakage. A leak before break is desired so a leak can be
detected and a repair made before a structural failure. Measuring the leaked air temperature is a
widely used technique to detect the leakage flow. The ground maintenance team uses thermal
imagining and temperature probe, while the on-board system uses temperature sensor wires to
detect the hot air leakage. In this study, the Extended Finite Element Method (XFEM) is used to
evaluate if an initial crack will grow into unstable failure. CFD analysis is used to calculate the
leak-before-break crack leakage rate and heat transfer (including conduction, convection and
radiation) in the case of a stable through-crack, utilizing the crack dimensions obtained from
crack propagation simulation. The leakage flow and temperature field prediction enables a better
knowledge of the air leakage and heat loss through the crack and provides the design guideline
for the duct leakage detection system.
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1. Introduction

The aircraft bleed air system taps into the main engine compressor or auxiliary power unit for high
temperature and pressurized air. The bleed air is used for other applications throughout the aircraft,
such as anti-icing system, environment control system, pressurization of water reservoirs, hydraulic
reservoirs and pneumatically powered actuators, etc. The aircraft bleed air system consists of ducts,
control valves, and heat exchangers. For a large number of aircraft bleed air systems, the duct
assemblies are Inconel 718 weldments. Because of its properties of readily fabricated, good tensile,
fatigue, creep, and rupture strength, Inconel 718 has been widely used for aircraft air and liquid
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duct applications. However, in the case of Inconel 718 weldments, crack initiation during
conventional welding processes is not uncommon. As such, cracks may initiate or exist in areas of
high stress concentration or from material/manufacturing defects.

The initial minor cracks may or may not grow, depending on many factors, such as initial crack
size, loading, material strength, etc. If propagation does occur, the cracks may grow resulting in
two possible failures: either the crack grows steadily through the wall to form a stable “through-
crack” (leak-before-break), or it becomes unstable before or after it has reached the external
surface and spreads rapidly over a large portion of the duct (break-before-leak). The catastrophic
duct failure may cause adjacent component overheat, aircraft structural damage, wire insulation
damage, or even inflight fire. For the safe design and assessment of these ducts for which minor
cracks are identified during quality inspection, it is required to understand and predict the crack
behavior and leak-before-break leakage rate to determine if a crack can be detected before it
reaches a critical size and leads to structural failure.

In this study, the Extended Finite Element Method (XFEM) is used to evaluate if an initial crack
will grow into unstable failure. Then, the leak-before-break crack leakage rate and heat transfer
(including conduction, convection and radiation) in the case of a stable through-crack are
simulated in CFD analysis, utilizing the crack dimensions obtained from crack propagation
simulation.

2. Duct Damage Tolerance Assessment

Crack damage tolerance approach, introduced by the United States Air Force in 1985, assumed
that flaws can exist in any aircraft structure and such flaws propagate with usage. Aerospace
engineering design needs to manage the extension of existing micro cracks in structure through the
application of the principles of fracture mechanics. Because of its two major advantages, no need
for re-meshing and far more accurate solution with only a small increase in number of degrees of
freedom, Extended Finite Element Method (XFEM) is getting more application in crack growth
analysis in aerospace structure (Arevalo et al, 2015).

In this study, Extended Finite Element Method (XFEM) is used for crack propagation simulation
in aircraft bleed air ducting system. Figure 1 shows the duct geometry and crack considered in
the study. An initial crack size is assumed to be located at the most unfavorable position and
orientation with respect to fatigue crack growth potential. The modeled cracks are pre-existing or
initiated at the duct inner wall surface, along the duct axis direction. This orientation is similar to
many cracks found in the quality detection. Only a single defect at the location is considered in
the analysis model. Both partial-through and through cracks are studied. The initial maximum
size of a partial-through crack should be determined so the crack does not propagate to cause a
catastrophic failure during the life of the aircraft. The partial-through crack may or may not break
through the wall thickness depending on initial crack size, material strength, and load condition.
An assessment is required to ensure that if a crack does propagate through the wall a leak-before-
failure condition exists versus a break-before-leak condition. The leakage rate should be
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determined so that it can be detected by the inspection or onboard aircraft systems to ensure the
part can be repaired or replaced before a structural failure occurs.

Figure 1. Axial crack considered in a duct (initiate from inside and crack through
the thickness).

The crack length and depth can be found from the quality inspection. For analysis, the weld defect
crack is assumed to have a semi-elliptical profile. Considering symmetry and crack geometry,
one-half segment of the duct is modeled for the finite element analysis. Abaqus’ quadratic
structural elements, C3D8R, are used in the duct modeling. A finer mesh is used for elements
surrounding the initial crack site. The equivalent operating pressure that factors in the known
material response to the temperature is applied on the inner surface of the duct. The plug load,
p*0.25*1*d?, is applied at one end of the duct model. Figure 2 shows an example of typical crack
propagation from an initial crack to a through crack.

Through Crack

g

(a) Initial Crack (b) Non-through Crack (¢) Through Crack

Figure 2. Initial crack and propagation.
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The stress intensity factor is calculated in FEA at the crack defect. If the stress intensity factor,
AK, is smaller than the threshold intensity factor, Ky,, or AK< Ky, no crack growth occurs and no
crack propagation calculation is needed. If the stress intensity factor is greater than the threshold,
AK> Ky, the crack will begin to propagate.

In the case of AK > Ky, the crack propagation calculations can be performed using the Paris
equation (Paris et al, 1961):

da/dN = ¢ (AK)"
Where,
da/dN, is the change in crack length per cycle
¢, is the Paris Coefficient (ksi™ in®-%™)
AK, is the change in stress intensity factor (ksi in
m, is the Paris exponent

12
)

The pressure load cycle is defined as the bleed air system is turned on (0 to operating pressure),
hold-on at the operating pressure, and then turned off (operating pressure to 0 psi). The loadings,
the pressure and plug loads, used in the FEA crack assessment analysis were simply related to
pressure loading. The resulting AK is therefore equal to K, for each pressure load cycle.

The K factors at different crack depths were calculated in the finite element model. A best-fit
curve function AK = f(a) was used for integration of the Paris equation to get the life cycle vs.
crack depth relationship.

a. da
o C(AK)"

Where,
N is the number of life cycle
ao is the initial crack depth
a. is the critical crack depth

The critical crack depth (one component of the maximum allowable flaw size) is the crack depth at
which one more load cycle will cause the crack to propagate through the thickness and allow the
internal air to escape. The linear elastic fracture mechanics (LEFM) approach in Abaqus utilizes
XFEM and Paris’ law for assessment of crack growth and correlates well with analytical
calculation.

3. Leakage Analysis Approach

In the case of through crack, there is a need to calculate the air leakage flow through the crack.
The leakage flow rate is calculated as a function of crack length ranging from the minimum crack
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length to the critical crack length. The initial through-crack length may be assumed as two-times

wall thickness or based on quality control measured data.

Beck et al proposed an idealized crack geometry approach to calculate the leak flow (Beck et al,
2005). Figure 3 shows the idealized crack geometry. The zig-zag shape represents the effect of

wall roughness. The assumption is that the angle between metal grain faces is exactly 90 degrees.

It was demonstrated that the analytical results have a good agreement with lab test data.
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Figure 3. Idealized crack geometry.

The leak flow is divided into 4 regions:
1) Narrow crack, the flow is dominated by the viscosity:
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3) A further larger crack, the inertia forces are now minor:
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4) The flow becomes turbulent, the expansion and contraction losses are dominant:
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A simple 2-D model is created using CFD for leakage flow simulation (Ye, 2016). The simulated
leakage flow is compared with the analytical solution. Once the simple geometry CFD model is

verified the approach can be used in 3-D model and more complex crack geometries.
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Using the crack length and opening calculated in XFEM crack modeling together with the
assumption of through crack, the leakage flow rate can be simulated. Figure 4 demonstrates the
CFD model of the idealized crack and velocity magnitude plot.
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Figure 4. 2-D CFD model of idealized crack.
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4. Heat Transfer Simulation

During the aircraft inspection, the ground maintenance team uses techniques, such as hand,
hearing, thermal imaging, temperature probe, ultrasonic leak detector, etc. to detect the bleed air
leakage. The on-board detecting systems use thermal sensor wire detecting leakage by
temperature. One of the important parameter for such detecting system is how far away the sensor
wire should be placed above the ducting system surface. The leakage flow and temperature field
prediction enables a better knowledge of the air leakage and heat loss through the crack and
provides the design guideline for the duct leakage detection system.

Aircraft hot ducting which may expose to leaked fuel or hydraulic oil vapors are usually covered
with a thermal insulation layer that prevents the ducting system outer surface from reaching a
certain temperature. Figure 5 shows the 3-D thermal analysis model used for simulating the heat
transfer in the case of leakage through a through-crack. The through crack dimensions, such as
mean width, length, are coming from XFEM crack propagation analysis. The duct is covered with
a layer of fiberglass insulation material and a very-thin aluminum outer-foil. It is assumed that the
leaked hot, high-speed air will create a flow passage through the fiberglass insulation material and
the very-thin aluminum outer-foil with a same dimension of crack length and width.

DOpening in 1 Insulation
insulation P

Duct

Theough Crack

| f | Aluminum Foil
. " Duct  Insulation

Ambient Alr
Figure 5. 3-D thermal analysis model.
The operating pressure and temperature are applied to the duct inner diameter, while the ambient
pressure and temperature are applied to the outer cylinder surface. The physical phenomena

considered include heat conduction, convection and radiation. The simulation is of turbulent flow
and steady state condition.
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5.Results and Discussion

The considered bleed air duct is made of Inconel 718 material. It has a 5 inch (127 mm) inner
diameter and 0.09 inch (2.286 mm) wall thickness. During the flight, the bleed air system may
endure different load conditions. A worst scenario simulation is carried out for a specific duct
with given initial through-crack lengths. Four cases which cover the operating envelop are
studied:

Case 1 at sea level: T = 700°F, P, = 130 psia, P, = 14.7 psia;

Case 2 at 41000 ft: T = 700°F, P, = 130 psia, P, = 2.6 psia;

Case 3 at sea level: T = 1200°F, P, = 400 psia, P, = 14.7 psia;

Case 4 at 41000 ft: T = 1200°F, P, = 400 psia, P, = 2.6 psia.

Where: P, — pressure inside of duct, P, — pressure outside of duct, T — hot air temperature

The crack size under load condition is analyzed with XFEM. The mean grain size, crack length,
and averaged width along the length are used in the leakage calculation. The mean grain size,
0.001 inch, is determined from the metallurgy micrograph pictures of Inconel 718 material.
Figure 6 shows a leak-before-break situation analysis result of the duct component. Normalized
flow rate is the leakage flow per unit surface crack length. The results show that the effect of
pressure at the outside of the duct is small. The curvature and slope variation reflect the leakage
flow characteristics as the crack size increases. A comparison of the CFD simulated leakage flow

rate with the analytical calculation method proposed by Beck et al shows that both methods
predict a similar trend and are quantitatively close.
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Figure 6. Leakage rate prediction.
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A typical result of temperature field and cross-section view is shown in Figure 7. The ducting
system surface touch temperature that is an important parameter for duct insulation design and the
temperature decay out of the crack can be obtained from the analysis results.
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Figure 7. Temperature distribution out of through crack.
The temperature distribution along the leakage axis is shown in Figure 8. In this analyzed case,
the crack half-length is 0.335 inch (8.5 mm), crack width is 0.004 inch (0.1 mm). Duct wall
thickness is 0.09 inch (2.286 mm). Fiberglass insulation thickness is 0.9 inch (22.86 mm).

Figure 9 shows the temperature variation with the distance away from the duct inner diameter (ID)
surface. The temperature drops rapidly starting from the duct insulation outer surface.

Figure 10 demonstrates the effect of duct inner operating pressure on the temperature distribution.
The lower the pressure, the quicker the temperature drops.
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Figure 8. Temperature distribution out of through crack.
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Figure 9. Effect of operating temperature on temperature distribution.
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Figure 10. Effect of operating pressure on temperature distribution.

The leakage detecting system design is largely depend on lab test to determine the design
parameters and detectable leakage rate. The prediction of crack size, leakage rate and temperature
field is of valuable help in the design process. For example, once the sensor triggering
temperature is set, the sensor positioning distance away from the insulation surface can be
determined from result shown in Figure 9.

6. Conclusion

This paper studied the aircraft ducting leak-before-break situations with a combination of FXEM
and CFD thermal analysis. The Abaqus XFEM simulation is an efficient tool for the assessment
of allowable preexisting defect size and predicting the crack size under load. The CFD analysis
provides a reasonably accurate leakage flow and heat transfer predictions in the case of leak-
before-break situation. The analysis results are very useful for the detectable leakage rate
prediction for thermal sensor system and the design parameter selection for such system.

2017 Science in the Age of Experience 52



6. References
1. MIL-STD-1530C, Aircraft structural integrity program (ASIP), 1 November 2005.

2. Paris, P.C., Gomez, M.P. and Anderson, W.E. (1961) A rational analytic theory of fatigue. The
Trend in Engineering, 13: p. 9-14

3. Tadashi Narabayashi, Makoto Fujii, Kouichi Matsumoto, Syouzou Nakamura, Yasuhisa
Tanaka, Yasushi Horimizu (1991) Experimental study on leak flow model through fatigue crack in
pipe. Nuclear Engineering and Design, 128(1), pp. 17-27.

4. Beck, S. B. M., Bagshaw, N.M. and Yates, J. R. (2005) Explicit equations for leak rates
through narrow cracks. International Journal of Pressure Vessels and Piping, 82(7). pp.565-570.

5. Ye, Jian (2016) Damage Assessment and Leak-before-break Flow Simulation of Aircraft
Bleed System Ducts, Science in the Age of Experience, May 23-25, 2016, Boston, MA

6. Arevalo, I. R. and Martin, J. G. (2015) Evaluation of ABAQUS XFEM Capabilities for Crack
Growth Analysis in Aeronautical Structures, 2015 SIMULIA Community Conference

2017 Science in the Age of Experience 53



	TermsOfUse
	TOC
	AerospaceDefense
	AD_ATAEngineering_Blades
	A Computational Framework for the Analysis of an Aero-Thermochemical-Elastic Eroding Nozzle
	1. Introduction
	2. Overview of the Multiphysics Framework Coupling Methodology
	2.1 CHEM-CHAR Coupling
	2.2 CHEM-CHAR-Abaqus Coupling (No Mechanical Degrees of Freedom)
	2.3 CHEM-CHAR-Abaqus Coupling (Mechanical Degrees of Freedom)


	AD_NASA_C. LEE
	AD_Purdue_Favaloro_Flow
	Anisotropic Viscous Flow Simulation in Abaqus
	1. Introduction
	2. Method Description
	3. Implementation Details
	4. Example: Squeeze Flow of a Circular Disk in /Standard
	5. Example: Center Gated Disk Flow in /Explicit using SPH
	6. Conclusions
	7. Acknowledgements
	8. References

	AD_U.S. Army - ARDEC_Galles
	1. Introduction
	2. Simulation Model Setup
	3. Heat Transfer Simulations
	4. Static Stress Simulations
	5. Conclusions and Future Work
	6. References

	AD_U.S.Army_PCarlucci
	AD_UNIVHANOI_THAI
	AD_UNIVZAGREB_SMOJVER
	Numerical Analysis of Ballistic Impact Damage in Layered Isotropic Plates
	1. Introduction
	2. Numerical framework
	2.1 Numerical model of the impacted plate
	2.2 Numerical model of the impactor

	3. Analysis
	4. Results
	4.1 Validation of the numerical model
	4.2 Effect of impact incidence angle
	4.3 Effects of impactor shape and target configurations

	5. Conclusions
	6. References

	CPGR_Kimberly-Clark Corp_Hollingsworth
	Failure is Good:
	Perforation Patterns and Stretchy Paper Towels
	1. Introduction
	2. Material Characterization
	2.1 Cyclic Tensile Test
	2.2 Trapezoid Tear Test

	3. Material Model and Fitting Procedure
	3.1 Cyclic Tensile Test
	3.2 Trapezoid Tear Test

	4. Scripting and Parameterization
	5. Dispensing Model
	6. References
	7. Acknowledgment

	HT_BEIJING SYTNA_LI
	Defect Detection and Localization by  Lamb Wave Simulation
	1. Introduction
	1.1 Acousto-ultrasound Method
	1.2 PZT
	1.3 Lamb Wave Propagation

	2. Derivation of Strong and Weak Form
	3. Lamb Wave Simulation
	3.1 Abaqus Model of the Plate and Sensors
	3.2 Sweep the Plate without and with Crack

	4. Defect Detection and Localization
	4.1 Defect Detection with Correlation Analysis and RAPID
	4.2 Results

	5. Summary
	6. Reference

	IE_Singapore Institute of Manufacturing Technology_Feih
	1. Introduction
	2. Experimental Details
	2.1 Cylinder Geometries
	2.2 Build Process Parameters
	2.3 Solid Material Properties
	2.4 Powder Properties

	3. Simulation Details
	3.1 Additive Manufacturing Methodology
	3.2 Heat Source Framework
	3.3 Nodal Flux Simulation
	3.4 Laser Path and Powder Deposition Event Series Generation
	3.5 Energy Balance
	3.6 Mesh Size Refinement for Nodal Flux Model
	3.7 Influence of Surrounding Powder
	3.8 Influence of Time Incrementation
	3.9 Influence of Build Platform
	3.10 Comparison to Goldak Model

	4. Discussion
	4.1 Influence of Build Height and Cylinder Width on Microstructure and Mechanical Properties
	4.2 Temperature Profile Analysis

	5. Conclusions and Outlook
	6. Acknowledgement

	IE_TWI_LONDON
	1. Introduction
	2. Experimental Approach
	2.1 Geometry and SLM Build Parameters
	2.2 Post-processing and heat treatment
	2.3 Metallographic examination

	3. Modelling Approach
	3.1 Overview of the computational framework
	3.2 Geometry and finite element mesh
	3.3 Material properties
	3.4 Loads and boundary conditions
	3.5 Prediction of microstructural characteristics

	4. Summary of Findings
	5. Future work
	6. References
	7. Acknowledgement

	IE_University of Massachusetts at Lowell_SiddarthDev
	Mechanical Testing of FDM Parts for Process Simulation
	1. Introduction
	2. Experimental characterization of FDM printed parts
	2.1 Materials and Fabrication
	2.2 Experimental Setup
	2.3 Characterization of Bead Shape and Volume Fraction
	2.4 Experimental results
	3 Virtual Characterization of FDM Printed Parts
	4 Discussion
	5 Conclusion and Future Work
	6 References

	LS_Dayananda Sagar College of Dental Sciences_ShobhaES
	Contact conditions:
	Loads and boundary conditions:
	Figure 10: Types of Fixations

	LS_Illinois Institute of Tech-Cammino
	TM_DUPONT_SHOJAEI
	TM_GM_NEELA
	1. Introduction
	2. Procedure
	3. Results and discussion
	3.1 Front Door - Spot weld failure at upper hinge region
	3.2 Rear Door - Spot weld failure at checklink region

	4. Conclusions
	5. Acknowledgments
	6. References

	TM_PanAsia_Xu
	1. Introduction
	2. Finite Element Simulation
	2.1 Thermal Stress Analysis
	2.2 Dynamic Stress Analysis
	2.3 Finite Element Analysis Results

	3. Fatigue Safety Factor Calculation
	4. Conclusions
	5. References

	TM_PRINCIPIA_RODRIGUEZ
	Modelling Rubber Bushings Using the Parallel Rheological Framework
	1. Introduction
	2. Material model
	2.1 Long-term static behaviour
	2.2 Viscoelastic behaviour

	3. Static analysis
	3.1 Methodology
	3.2 Results

	4. Cyclic analysis
	4.1 Methodology
	4.2 Initial results
	4.3 Sensitivity to the swaging process
	4.4 Discussion

	5. Conclusions
	6. References

	TM_Toyota_Satoshi_Ito
	Development of the high-performance Bushing model using Abaqus
	1. Introduction
	2. Rubber material model
	2.1 Basic concept of the new rubber material model
	2.2 Identification of material coefficients
	2.3 Validation of material coefficients

	3. Suspension arm validation
	3.1 Suspension arm model
	3.2  Validation testing
	3.3 Accuracy validation for transient inputs

	4. New Low DOF Bushing Model
	5. Calculation of the matrix coefficient
	6. Process for estimating dynamic coefficients
	7. Validation of rubber bushing component
	8. Validation of front suspension model
	9. Summary
	10. References
	11. Acknowledgment

	AD_Purdue_Favaloro_Flow.pdf
	AD_UNIVZAGREB_SMOJVER.pdf
	AD_U.S. Army - ARDEC_Galles.pdf
	CPGR_Kimberly-Clark Corp_Hollingsworth.pdf
	IE_Singapore Institute of Manufacturing Technology_Feih.pdf
	IE_University of Massachusetts at Lowell_SiddarthDev.pdf
	Mechanical Testing of FDM Parts for Process Simulation
	1. Introduction
	2. Experimental characterization of FDM printed parts
	2.1 Materials and Fabrication
	2.2 Experimental Setup
	2.3 Characterization of Bead Shape and Volume Fraction
	2.4 Experimental results
	3 Virtual Characterization of FDM Printed Parts
	4 Discussion
	5 Conclusion and Future Work
	6 References

	IE_University of Massachusetts at Lowell_SiddarthDev.pdf
	IE_TWI_LONDON.pdf
	LS_Dayananda Sagar College of Dental Sciences_ShobhaES.pdf
	TM_DANA_RAMKUMAR.pdf
	Designing Cylinder Head Gaskets for New Generation Powertrains
	1. Introduction
	2. Cylinder Head Gasket Technology
	3. “First-Time Right” Gasket Design
	3.1 Optimization of Stopper Height
	3.2 Optimizing Stopper Topography
	3.3 Fatigue Analysis Method
	3.4 Variable Amplitude Fatigue Study

	4. Conclusions
	5. References

	TM_Toyota_Satoshi_Ito.pdf
	11. Acknowledgment

	LS_Illinois Institute of Tech_Cammino.pdf
	HT_BEIJING SYTNA_LI.pdf
	Defect Detection and Localization by  Lamb Wave Simulation
	1. Introduction
	1.1 Acousto-ultrasound Method
	1.2 PZT
	1.3 Lamb Wave Propagation

	2. Derivation of Strong and Weak Form
	3. Lamb Wave Simulation
	3.1 Abaqus Model of the Plate and Sensors
	3.2 Sweep the Plate without and with Crack

	4. Defect Detection and Localization
	4.1 Defect Detection with Correlation Analysis and RAPID
	4.2 Results

	5. Summary
	6. Reference

	TM_PRINCIPIA_RODRIGUEZ.pdf

