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Fig. 2 Comparison of present method and en method with the airfoil
experiment of Mateer et al.,13 Rec = 2 106 , = 0 5 deg.

Conclusion
In summary, the presentmodel requiresreplacing t and k in any

two-equation turbulence code by Eqs. (8) and (9) to calculate tran-
sition onset and the complete � ow� eld. Because of this, the present
approach provides an inexpensive alternative to the en method and
methods based on the nonlinear PSE.
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I. Introduction

A N important factor limiting the performanceof supersonicair-
craft propulsion systems is the phenomenon of three-dimen-

sional separation that occurs in the compression process. The
consequentformation of vortical structures reducespressure recov-
ery and increases distortion. One of the primary indicators of the
� ow� eld is the shock structure. In a recent work, Garrison et al.1

presentplanar laser scattering(PLS) imagesof the shockstructurein
the triple-shock(TS) interactionshown schematicallyin Fig. 1. The
incomingequilibriumturbulentboundarylayer is subjectedto shock
wavesarisingat threecompressionsurfaces,viz., the two 15-deg� ns
and the 10-deg ramp. The � ow� eld representsa progressionin com-
plexity from a single intersectingwedge corner2 and the double-� n
(DF) con� gurations, e.g., Ref. 3. Rapid advances in computational
technology in the past decade have made possible increasingly so-
phisticated theoretical studies to model such interactions. It is the
objective of this work to computationally investigate the complex
shock structure arising in the TS interaction. We validate the com-
puted structure by comparison with the PLS observationsof Ref. 1.
Subsequently, the computationsare employed to map the details of
the shock intersections.The � ow� eld parametersare summarized in
Fig. 1. For brevity, the reader is referred to Ref. 4 for computational
details. The model is similar to that employed successfully for DF
shock structure.3 Brie� y, the three-dimensionalReynolds-averaged
equations are solved with a high-resolutionupwind-biased scheme
and a two-equationk– turbulencemodel. The mesh employedcon-
sists of 99 107 114 nodes. A discussion of mesh adequacy can
be found in Ref. 4.

II. Results
The shock structure of TS is highly three dimensional. To fa-

cilitate description and comparison with experiment, we employ
spanwise cutting planes of the type shown schematically in Fig. 1.
Figure 2 depicts the computed results with the magnitude of the
three-dimensional pressure gradient p on a sequence of such
planes. In each frame, the left, right, and bottom boundariesare the
symmetry plane, the right � n, and the ramp surfaces, respectively.
The PLS observationsmay be found in Ref. 1 and are not reproduced
here. We note, however, that the comparison with the present cal-
culations is excellent and the modest discrepanciesthat do exist are
noted later. Further, the nomenclatureemployed (Fig. 2) is identical
to that of Ref. 1 with the exception of feature 18 as discussed later.

The shock systems from the left and right � ns cross at the sym-
metry plane. Thus, as the cutting plane is moved downstream, the
shock system appears to re� ect off the symmetry plane and is de-
scribed later in this manner. In the subsequent discussion, no tem-
poral signi� cance is attached to terms denoting movement or to the
superposed arrows. They refer rather to the apparent motion of the
shock trace as the cutting plane is moved downstream. In this con-
text, shocks generally “move” into the upstream � uid and impart it
a velocity in the same direction.

Figure 2a shows the structure at a station where the shock sys-
tems originating at each ramp-� n corner have not yet “propagated”
to the symmetry plane. The features include the inviscid � n shock
(1), the corner shock (2), the ramp shock (3), an “embedded” � n
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shock (4) that is curved, associated� n separation(5) and � n rear (6)
shocks, and � nally a ramp embedded shock (7) with its associated
ramp separation (8) and ramp rear shocks (9). There are four triple-
points formed by the intersectionsof 1-2-7, 2-3-4, 4-5-6, and 7-8-9,
respectively. In the notation of Ref. 1, features 10 and 11 denote
intersectionsof the slip surfaces and the separation region, respec-
tively, and are not shown in Fig. 2 because they are not evident in
the pressure � eld. They may be found in the computed density � eld
as shown in Ref. 4.

In Fig. 2b, 5 re� ects in an irregular manner from the symmetry
plane, resulting in a Mach stem 12 and a re� ected � n separation
shock13,whichservesto alignthe � uidpreviouslyde� ectedparallel
to the right � n in a direction parallel to the symmetry plane. The
curvatureof 4 is now more pronounced.The shock 7 moves upward
more rapidly than 3 because the former processes � uid downstream
of 1, which is at a lower Mach number. For the same reason, 4
approaches the symmetry plane faster than 1. These trends cause a
lengthening of the corner shock trace 2.

In Fig. 2c, 13 and 6 have crossed each other. One minor discrep-
ancy with the experimental sketches is in the manner of crossing
of 13 and 6. In the computations, this crossing occurs where 5 is
terminated and the shocks 6 and 13 coincide as do the two triple
points associated with them, 4-5-6 and 5-12-13. In contrast, in the
experimental sketch, 13 and 6 cross before the termination of 5.

Figure 2d is located just upstream of where 4 re� ects off the
symmetry plane. This re� ection occurs in an intricate manner, and

Fig. 1 Schematic of triple-shock interaction con� guration and � ow
parameters.

Fig. 2 Magnitudeof pressure gradient at various cross sections: EXP = expansion,OVS = outer vortical structure, and PCS = plate–centerline shock.

the dominant aspects are shown in Figs. 2c–2e. Close examination
of several variablesin the computed � eld suggests the details shown
schematicallyin Fig. 3. Figure3a isa schematicofFig. 2c. In Fig. 3b,
4 moves toward the centerline,and the upper and lower triple points
reach the symmetry plane. This eliminates the ramp shock 3 as a
separate entity. In Fig. 3c, the distorted segment of 4 between 6 and
13vanishes,and4 re� ectsat itsupperand lower extremesto form15.
Because the outer parts re� ect � rst, a pinchedappearanceis evident.
The cornershock2 re� ectsin an irregularfashion,with theformation
of a Mach stem 12. This process continues in Fig. 3d where, at the
lower end of 15, 6 re� ects to form 14 in a regular fashion. In Fig. 3e,
the re� ection of 4 is completed to form 15. A new shock denoted
12a is formed, whereas the region beneath is occupied by a weak
expansion (EXP). This 12a-EXP combination has been observed
in previous DF computations.3 The strength of this pair of features
diminishesrapidly in the streamwisedirectionand is associatedwith
thedisplacementeffectof the separatedboundarylayerunderneath.3

In Fig. 3f, the re� ection of 6 is complete. A new duo of slip-surface
intersections (which appear as lines on the cutting plane) appears
between 15 and the symmetry plane as shown. The re� ected shock
15 straightensas it moves toward the � ns where the degree of shear
diminishes. All of the features in Fig. 3f are visible in Fig. 2e.

a) b) c)

d) e) f)

Fig. 3 Schematic representation of re� ection of � n-embedded shock 4
from symmetry plane. Not to scale.
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a) b) c)

d) e)

Fig. 4 Schematic representation of re� ection of outer shock structure
from symmetry plane. Not to scale.

The re� ection of the corner shock 2 is relatively rapid and, as
noted earlier, irregular. In Fig. 2f, the situation is depicted just be-
fore the re� ection of the inviscid shock from the symmetry plane.
The re� ection of the corner shock is complete though the Mach
stem (which may be associatedwith the transmitted ramp shock 18
introduced later) persists. In the � nal frame, Fig. 2g, the inviscid
shock has also re� ected off the symmetry plane. A plate center-
line shock structure (PCS), which exists but is not so prominent in
earlier frames, is also marked. This arises from an impingement of
wall-jet-like features as described in Ref. 3.

The sequence of events between Figs. 2e and 2g is also intricate
and is sketched in Fig. 4. Figure 4a depicts the features just before
the termination of the corner shock 2. The re� ection of the corner
shock is complete in Fig. 4b. The inviscid shock approaches the
symmetry plane in Fig. 4c, which is a schematic of Fig. 2f. A bridge
shock 16 is formed, joining the � n inviscid, 1, and ramp embedded,
7, shocks. Slip lines emanate from each of the triple points, 1-12-16
and 7-15-16, as shown in Fig. 4d, where 1 re� ects off the symmetry
plane. The slip lines form a compact vortical region near the center-
line characterized by locally low Mach number, density, and static
pressure and high vorticity. The interior of this structure is dif� cult
to discern with the present algorithm and is not detailed. However,
the feature appears to be inviscid in origin because independentcal-
culations with the Euler equations (not described here) also show
similar development. In Fig. 4e, the inviscid shock has re� ected off
the symmetry plane to form 17: this situation is shown in Fig. 2f. A
transmittedramp shock,18, is formed,whose effect is to accountfor
the rampde� ectionin the far downstreamregions.In theexperiment,
this has been noted as a Mach stem. The ramp transmitted shock
moves upward more rapidly than the ramp embedded shock 7. This
follows from the fact that 7 de� ects � uid that has previously been
processedthrough1 alone,whereas18 processesthe relativelylower
Mach number � uid downstream of 1 as well as its re� ection 17.

III. Conclusions
Computationshavebeenutilizedto investigatethe shockstructure

in the multiple-shock/turbulent-boundary-layer interaction com-
prised by the triple-shock geometry. Near the ramp surface, there
is signi� cant similarity to symmetric DF interactions whose shock
structure can be described in terms of the re� ection of a shock
from the symmetry plane. For this reason, near the surface, a com-
monalityexists in the DF and TS � ow� elds in the principal coherent
streamline featuresas has been shown in Ref. 4. The TS outer shock
structure is, however, vastly more intricate. The various shock and
slip surface components are augmented by an outer vortical struc-
ture, all of which are detailed with schematic interpretations.
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I. Introduction

B ONDED repair of aging structureswith compositepatcheshas
been an important subject of research in recent years. Investi-

gators have proposed various numerical techniques for stress anal-
ysis of repaired structures and the subsequent derivation of stress
intensity factors.1 10 A number of researchers have studied the fa-
tiguebehaviorof crackedstructuresrepairedwith bondedcomposite
patches.11 13 For instance, Baker12 studied the fatigue crack prop-
agation of centrally cracked aluminum panels patched with boron/
epoxy composites, and Leibovich et al.13 investigated the effect of
compositepatches on the fatigue crack growth behavior of repaired
parts. In previous work on fatigue behavior of repaired parts, effort
has been devoted to the fatigue of repaired parts with center cracks.
Though edge cracks developed in thin-wall type structural mem-
bers are not uncommon, as yet not much work has been done in
the fatigue of bonded repair of parts with edge cracks. In this Note,
fatigue behavior of aluminum panels containing an edge crack re-
paired with bonded composite patches is studied. A method is pro-
posed for determining stress intensity factor and fatigue life of the
repaired structures. Strain at the crack tip obtained in the � nite el-
ement analysis of the repaired structure is used to determine the
stress intensity factor of the structure. The Paris law of crack propa-
gation is used to predict fatigue life of the repaired structure.Fatigue
tests of compact tension (C–T) specimenswith and without bonded
repairs under different environmental conditions are performed to
validate the accuracy and feasibility of the proposed method.

II. Analytical Approach
Finite Element Model

The aluminum plate with an edge crack (Fig. 1) is symmetrically
repaired with bonded composite patches. The patches are modeled
as Mindlin plates and analyzed using eight-noded serendipity ele-
ments. The adhesive and the aluminum plate are modeled by three-
dimensional brick elements of 20 nodes. The aspect ratio of the
three-dimensional brick elements are chosen in such a way that no
numerical instability will occur. Quarter-point elements are used to
model the stress singularity condition at the crack tip. The com-
patibility conditions at the interfaces between the patch, adhesive,
and cracked plate are observed in the � nite element formulation.
When studying crack propagation,perfect bonding at the interfaces
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