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The desire to design more efficient transport aircraft has led to many different attempts to minimize drag. One

approach is the use of three-dimensional shock control bumps, which have gained popularity in the research

community as simple, efficient and robust devices capable of reducing the wave drag of transonic wings. This

paper presents a computational study of the performance of three-dimensional bumps, relating key bump design

variables to the overall wing aerodynamic performance. An efficient parameterization scheme allows three-

dimensional bumps to be directly compared to two-dimensional designs, indicating that two-dimensional bumps are

capable of greater design point aerodynamic performance in the transonic regime. An advantage of three-

dimensional bumps lies in the production of streamwise vortices, such that, while two-dimensional bumps are

capable of superior performance near the design point, three-dimensional bumps are capable of breaking up regions

of separated flow at high Mach numbers, suggesting improvement in terms of buffet margin. A range of bump

designs are developed that exhibit a tradeoff between design point aerodynamic efficiency and improvement in buffet

margin, indicating the potential for bespoke designs to be generated for different sections of a wing based on its flow

characteristics.

Nomenclature

bedge = spanwise three-dimensional SCB shoulder width
bspacing = spanwise three-dimensional SCB spacing
bwidth = spanwise three-dimensional SCB width
c = section chord
CD = drag coefficient
CL = lift coefficient
cp = pressure coefficient
lramp = streamwise length of SCB ramp
ltail = streamwise length of SCB tail
M = local Mach number
Msh = shock upstream Mach number at boundary layer

edge
M1 = freestream Mach number
p = static pressure
p0 = stagnation pressure
Re = Reynolds number
Vx;y;z = x, y, z components of velocity vector
Vxz = velocity vector in x-z plane
xshock = streamwise normal shockwave location
xstart = streamwise starting location of SCB
x0 = optimal SCB design vector
� = angle of attack
�Mx = change in buffet onset prediction from

correlation x over clean wing value
�ramp = SCB ramp angle relative to local wing surface
�ramp;maxL=D = �ramp achieving maximum L=D for a given

spanwise SCB design
�wx = wall shear stress measured in the chordwise

direction

� = SCB isolation ratio
! = vorticity vector
!str = measure of streamwise vorticity

I. Introduction

I NCREASING awareness of the environmental impact of our
actions today has led to a shift in priorities for designers in

many disciplines. Particular attention has been paid to air travel and
the long-term implications of emitting CO2 and other combustion
products directly into the high-level atmosphere. This growing envi-
ronmental pressure, coupled with the economic drive to reduce
operating costs, places increasing demands on the commercial air-
craft designer to develop ever-more efficient airliners. At the center
of this drive for efficiency is aircraft drag reduction.

Onemethod of reducing drag in the transonic regime is through the
use of small bumps on the wing surface to break up local supersonic
shock waves into lower entropy-creating systems. Although earlier
investigations [1] considered shock control bumps (SCBs) as a
method of improving off-design transonic aerofoil performance
(in particular, drag divergence and buffet) by fixing shock location,
Ashill et al. [2] were the first to consider SCBs purely as a method
for wave drag reduction. Their SCB design was a variable-height
device with a shape formed via deflection of a flexible plate; wave
drag reduction was achieved by reducing the original normal shock
strength via a series of compressionwaves introduced by the concave
upstream flank of the SCB.

A number of two-dimensional SCB studies [3,4] have since
indicated that their performance is governed by only a few key design
variables, namely, crest height and location relative to the original
normal shock wave. Awedge-shaped SCB design with linear ramp
and tail sections emerged as an alternative to the original bent-beam
shape; the curvature discontinuity at the ramp foot creates an oblique
shock that interacts with the normal shock to produce a �-shock
system, as shown in Fig. 1. Not only does this design generate almost
identical drag reductions as the bent-beam-shaped SCB despite the
differences in flow physics of the interaction [3], but it was shown by
König et al. [5] to provide a more robust performance under off-
design conditions by fixing the front leg of the �-shock system.
Ogawa andBabinsky [6] presented an analytical study of the�-shock
interaction, linking SCB performance to an “effective flow turning
angle” over the upstream ramp of the SCB (explicitly defined by the
wedge ramp angle for the two-dimensionalwedge-shapedSCB). The
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study also identified mechanisms of SCB performance breakdown:
incorrect SCB streamwise placement relative to the original normal
shock wave leads to unwanted flow reexpansions and stronger shock
waves, and excessive flow turning angles over the upstream ramp of
the SCB can lead to a sudden breakdown of the �-shock structure.
This rapid performance degradation of two-dimensional SCBs under
off-design conditions has often pushed researchers into considering
SCBs as adaptive devices [7], thereby reducing their potential advan-
tages over other drag reduction technologies in terms of simplicity,
weight, and ease of retrofit.

Initial three-dimensional SCB studies considered spanwise
extrusions of two-dimensional SCBs on infinite swept wings
[8,9] and isolated finite span bumps in oblique flow [10]. Closely
spaced three-dimensional SCB arrays were first considered in
an experimental study byHolden and Babinsky [11] as an alternative
to three-dimensional arrays of passive devices such as slots and
grooves. They showed that the �-shock structure created by their
wedge-shaped three-dimensional SCBs extended further spanwise
than the SCB itself; with the correct spanwise spacing, an array
of three-dimensional SCBs could therefore produce an almost
two-dimensional control effect. A further finding was that three-
dimensional SCBs produced pairs of streamwise vortices, poten-
tially capable of delaying downstream separation, and thus
beneficial off-design. These findings have been confirmed by a
number of subsequent experimental [12–15] and numerical [16,17]
studies. The potential for similar on-design performance of
three-dimensional SCB arrays compared with two-dimensional
SCBs with improved off-design performance has led to them being
considered as an attractive alternative to dynamic two-dimensional
devices [18].

Although two-dimensional SCB performance on- and off-design
has been linked to key design variables, this is not the case for three-
dimensional SCBs. For three-dimensional SCBs, the effective flow
turning angle is less than the geometric SCB design [6,11,15], and
overall array performance will depend on spanwise SCB spacing,
which dictates the degree of pseudoconical �-shock overlap. To be
able to effectively design with three-dimensional SCBs, a better
understanding of the relationship between key design variables and
overall performance, as well as of the tradeoff between two-
dimensional and three-dimensional performance, is required. This
paper will use parametric studies to relate the performance of three-
dimensional SCB arrays to their key design variables on an infinite
span wing section, as well as compare their on- and off-design
performance with that of two-dimensional SCBs.

The paper first describes the SCB parameterization and com-
putational model used for the analyses, then presents and discusses
the design point parametric investigations of aerodynamic perfor-
mance followed by vortex identification and strength comparisons
for select SCB designs, and the link between vortex strength and
buffet alleviation. Finally, the trade-off between design point
performance and buffet alleviation is examined and the governing
design variables discussed, before the paper is concluded.

II. Model Setup

The ideal test bed for parametric studies with three-dimensional
SCB arrays would be a full aircraft wing-body model, such as the

DLR-F4 [19] or NASA CRM [20] (alternative simple transonic
aircraft designs developed to provide models for computational and
experimental comparison, and CFD validation). However, because
of computational resource limitations, full aircraft simulations are
infeasibly expensive for the number of analyses required in the
present study [O�102�]. To reduce simulation time, an infinite wing
model with a three-dimensional SCB array was created using a finite
wing section with symmetry boundary conditions. The aerofoil used
was theDFVLR-R4, a turbulent transonic designwith a finite trailing
edge (TE) thickness of 0:005c, which is used for the DLR-F4 outer
wing section [21]. For the analyses undertaken thus far, only flow
perpendicular to the wing leading edge (LE) was considered, with
M1 � 0:705 and �� 0� in all cases presented. These values were
chosen to provide aM1 comparable to the cruise value for the DLR-
F4, taking into account quasi-three-dimensional wing sweep effects,
while producing a reasonable-strength shock wave (Msh ’ 1:3,
which is similar in strength to that used in several experimental SCB
investigations [11,12,15]) around the midchord point of the aerofoil
(see Fig. 2). The Reynolds number was set to Re� 3 � 106 for
comparison with studies performed on the DLR-F4 [19], leading to
a clean-wing performance of CL � 0:97, CD � 0:0241 and L=D�
40:2 (based on computational fluid dynamics (CFD) analysis of the
wing section using the solver described in Sec. II.B). The lift and drag
of the wing section were calculated through a surface integration of
pressure and friction forces, limiting the ability for wave drag
determination through drag decomposition; however, analysis of the
DFVLR-R4 aerofoil by the two-dimensional potential flow coupled
boundary-layer solver VGK (incorporating shock models) [22]
estimated the wave drag to account for 40% of the total drag at the
chosen design point.

A. SCB Geometry

The overall geometry of the wing section with three-dimensional
SCB is shown in Fig. 3. The streamwise SCB profile was chosen to
have awedge shape, as shown inFig. 3b. Thus, �ramp provides explicit
control over the flow turning angle, one of the key SCB design
parameters. Variables lramp and ltail were fixed at 0:1c and 0:2c,
respectively, for all parametric studies. The variable lramp was chosen
as a typical value based on existing studies [6], and ltail was set as a
compromise between reducing the flow turning angle over the bump
crest and minimizing the wetted area of the three-dimensional SCB.
Although likely to affect SCB performance, they were kept fixed to
concentrate on the more important spanwise variables. Fixing lramp

coupled the SCBheightwith �ramp in the investigations. Although the
SCB height has been observed to be a key design feature [2,4], �ramp

was shown to have a more direct influence over the control strength
[6] and so was used as the sole streamwise design variable; a
decoupling of the SCB height and �ramp through variation of lramp

could not be explored in the time frame of the investigations. The
SCB is defined relative to the original aerofoil surface, i.e., the ramp

Fig. 1 Diagram of �-shock system produced by an SCB on a transonic
wing.

Fig. 2 Distribution of cp over clean wing section at design point from

Fluent CFD analysis.
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shape is conformally added to the original aerofoil coordinates, so
that it thus inherits the curvature of the underlying aerofoil. This
means that �ramp is the exact geometrical turning angle at the start of
the bump relative to the original aerofoil surface, giving direct control
over the flow turning and ensuring it remains constant, independent
of where the bump is placed on the aerofoil; an additional benefit is
that �� 0� reproduces the original, clean aerofoil.

The spanwise three-dimensional SCB geometry is defined in
Fig. 3a; the model span defines the spanwise SCB spacing, bspacing.
Although there are clearlymanymore options for planform design of
three-dimensional bumps, this simple approach was chosen to
investigate the relative importance of the key global parameters. The
shoulder regions are a linear lofting between the clean aerofoil
surface and raised bump profile, thus introducing discontinuities in
the surface spanwise gradient. It is possible that these discontinuities
could lead to sub-optimal SCB performance for a given spanwise
design; however, because of the limitations on spanwise mesh
spacing for the computational model (discussed in Sec. II.C), a more
sophisticated shoulder design could not be accurately represented.
Because of the limited number of variables considered, the spanwise
SCB design was held constant along the SCB length; although it
is anticipated that more detailed shape variations could yield
performance benefits, the time frame and computational resources
available for the investigations limited design exploration to these
few key features. Two-dimensional SCBs were investigated by
setting bwidth � bspacing with bedge � 0.

B. CFD Solver Settings

CFDanalysis was performed usingANSYSFluent version 12.1.2,
using the density-based-implicit solver [23], with second-order
upwind schemes used to discretize the governing equations and
far-field pressure conditions applied at the streamwise boundaries.

The Spalart–Allmaras (S-A) turbulence closure model was used,
again with second-order discretization. The S-A turbulence model
was chosen because it only requires a single additional equation for
its solution at each iteration (reducing the overall simulation time
over that of more complicated multi-equation models), and it is
designed specifically for wall-bounded external flows in aerospace
applications and, as such, has been shown to produce excellent
flow predictions, even outperforming many of its two-equation
alternatives [24]. Although the S-A model is expected to provide an
accurate prediction of flow behavior over the wing during normal
operating conditions, and even under influence of a shock [25], its
representation of post-separation flow behavior and flow reattach-
ment is expected to be poor [24–26]. Despite some improvements
in postseparation modeling with alternative two-equation models
(e.g., shear-stress transport k-!), no model is likely to be able
to accurately predict boundary-layer reattachment essential to
modeling shock-induced separation bubbles [24], and so it was
decided that the additional expense associated with the two-equation
models outweighed the benefits they offered. The Courant number
was increased to 20 during calculations to speed up convergence.

C. CFD Model

A simple O-H grid was generated using the meshing software
IcemCFD. The O grid attached to the wing surface allowed close
control over the boundary-layer mesh (see Fig. 4a). A total of 120
nodes were used chordwise over the wing surface, with LE and TE
spacings set at 0:2%c, and a maximum chordwise spacing of 1%c.
The first cell height was set to give 1 � y� � 4 over the entire wing
section (this complies with the Fluentmeshing guidelines for the S-A
turbulence model, which recommends y� < 5 over the surface to
correctly model the viscous sublayer [23]), with the O grid extending
15 nodes in the surface-normal direction. The solution domain

Fig. 4 O-H mesh used for simulations.

a) Planform view of 3D SCB geometry b) Streamwise view of 3D SCB geometry (shown 
relative to flat plate for clarity)

Fig. 3 Three-dimensional SCB geometry and parameter definitions.
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extended 20c upstream, above and below the wing section, and 40c
downstream; although this domain extension is on the acceptable
limit for simulation of a lifting wing section [23], the value was
chosen to keep mesh size to a minimum, reducing the computational
burden of the CFD analyses. A spanwise node spacing of 1%c was
used for all cases, ensuring the geometry is properly captured (see
Fig. 4b) while keeping the number of cells as low as possible to aid
solution time. The overall mesh size varied from 410,000 to
1.71 million cells, depending on the spanwise bump spacing. The
mesh resolution was coarser than that used in other numerical studies
on three-dimensional SCBs [14,17]; however, the computational
resources available and large number of alternative designs being
considered in the study put practical limitations on the size of the
model mesh and, therefore, on the grid resolution.

To speed up the parametric studies, each case was analyzed in
parallel over eight 2.33-GHz CPUs, sharing a total of 4 GB of RAM
(a practical limit for mesh size was 2 million cells, based on the
implicit solver settings and available RAM). Initial studies indicated
that 3200 iterations were required for convergence of the lift and
drag forces over the wing section, with a corresponding solution
wall-clock time of 3 h. Because of licensing limitations, only one
case could be analyzed at a time.

To assess the accuracy of the simulation, CFD predictions of
surface cp over the clean aerofoil using both the standard mesh
(outlined previously) and afinemeshwere compared to experimental
data from tests in the NASA Langley transonic cryogenic wind
tunnel conducted in 1984 [27]. The fine mesh was obtained by
doubling the chordwise node spacing and increasing the number of
nodes in the boundary layer O grid to 23, resulting in a solution with
y� ’ 1 over the entire surface. The flow conditions for the
comparison are the closest available in the experimental tests to the
chosen operating point for the parametric studies. The comparison is
presented in Fig. 5. Because of the increased cost of the fine mesh
simulations with no significant benefit, the standard mesh was
deemed sufficient for the SCB investigations.

To assess the accuracy of the spanwise mesh spacing, the wing
section was analyzed with a three-dimensional SCB (bspacing � 0:3c,
bwidth � 0:1c, bedge � 0:02c, �ramp � 6�) attached. As no exper-
imental data were available for comparison, a grid resolution study
was performed bymultiplying the spanwisemesh spacing by a factor
of 1=2n, with n��1; 0; 1; 2; 3 (n� 3 represents the largest mesh
size that could be run using the chosen flow solver settings and
computational resources available), and comparing the L=D
predictions, with the other mesh details fixed at the values described
previously. The L=D predictions for each model are plotted against
the mesh size (halving the spanwise spacing doubled the mesh size)
in Fig. 6, indicating that although the datummesh (that with a size of
0:5 � 106 cells) does not provide a mesh-independent solution, the
differences from the finest mesh designs are 0.6% or less. The datum
mesh thus represents a good compromise between accuracy and a
expense.

Although Fig. 6 shows that increasing the spanwise grid resolution
would change the model force predictions, potentially improving its
accuracy, the mesh was designed so that the exact same spacing was
used for all SCB designs, suggesting that errors due to the chosen
mesh resolutionwould be similar between differentmodels, allowing
their comparative benefits to be assessed fairly. The ability of the
chosen mesh to predict the aerodynamic forces over thewing section
was invstigated by comparing the CL and CD prediction over the
clean DVLR-F4 aerofoil from the chosen numerical model with
experimental data from wind tunnel tests performed in the NASA
Langley transonic cryogenic wind tunnel in 1984 [27]. Figure 7
presents a comparison between the drag polars predicted byCFD and
experiment, obtained by varying � at a fixedM1 andRe, whichwere
selected to be as close to the chosen design point for the SCB
parametric studies as possible. Figure 7 indicates that, despite an
overprediction in CD at low CL, the drag rise is predicted well up to
just above CL � 1. Above this point, the trends between the
experimental and computational drag polars differ, indicating that the
model provides a less adequate representation of the flow behavior in
this range. This is likely to be due to inaccuracies associated with
post-separation flow modeling (shock separation first appears at
CL ’ 1 and, at the highest CL condition analyzed, it extends fully
from the shock to section TE). CFD simulations with the chosen
mesh are therefore considered to provide accurate representations of
the transonicflowover thewing section at the design point chosen for
the SCB investigations.

III. Results and Discussion

A. Variable SCB Spanwise Parameters

Variations in overall wingL=Dwere calculated at the design point
flow conditions (fixed �) for SCB designs with variable bspacing and

Fig. 5 Distribution of cp over DFVLR-F4 aerofoil at Re� 4 � 106,

M1 � 0:7, CL � 0:825.

Fig. 6 Force predictions over DVLR-F4 aerofoil with three-dimen-

sional SCB at design point for model with variable spanwise mesh

spacing.

Fig. 7 Force predictions over DVLR-F4 aerofoil with M1 � 0:7,
Re� 4 � 106, variable �.
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fixed bwidth and are shown in Fig. 8a; those obtained by varying bwidth
with fixed bspacing � 0:3c are shown in Fig. 8b. For each combination
of bspacing and bwidth, �ramp was varied upward from 0� (the clean wing
case); the two-dimensional SCB is shown as a limiting case in both
studies, obtained when bspacing � bwidth. For all cases, bedge � 0:02c,
with the other parameters set as described previously. The variable
xstart was also fixed at 0:39c (thus, a ramp peak location of 0:49c) for
all cases, based on a cleanwing shock location of xshock ’ 0:46c (see
Fig. 2). The results in Fig. 8 (and in all subsequent figures displaying
L=D) include (the small) convergence error bars based on variations
in the calculated lift and drag over the last 200 iterations of each
simulation. The measured L=D variations from the clean wing were
caused by changes to both lift and drag forces on the wing section,
meaning that the design point CL varied between the different SCB
designs analyzed. Analysis at constant CL would require a variation
of � between different SCB designs, leading to a possible change in
shock location and strength and, thus, SCB performance. Therefore,
although a reduction inCL would be expected to generate a reduction
in CD for a clean wing section, the same is not necessarily true for a
section with SCB fitted, and so the change to the relative L=D
variation with SCB design for a constant CL condition compared to
that at constant � is not sraightforward. Although evaluation of
section drag (or L=D) at a constant CL would provide a more
aerodynamically relevant metric for comparison between designs,
this would require performing several flow simulations for each case
(depending on the desired accuracy in CL).

The reduction in maximum attainable L=D of three-dimensional
SCBs with increased bspacing and reduced bwidth observed in Fig. 8 is
partially due to the finite spanwise extent of the three-dimensional �-
shock system. This is highlighted by Fig. 9, which compares the gain
inp0 for thewing with SCB over the clean wing design (and is thus a
measure of drag saving) in a spanwise plane 0:01c downstream of the
end of the SCB tail for the two-dimensional SCBwith �ramp � 3� and

the three-dimensional SCB with bspacing � 0:3c, bwidth � 0:1c and
�ramp � 6�. This indicates that, although the beneficial region (i.e.,
the three-dimensional �-shock system) does extend further spanwise
than the three-dimensional SCB itself (tying in with observations
from other researchers [11–14,16,17]), its intensity is reduced. This
suggests that, on-design, the two-dimensional SCB will always
outperform a three-dimensional design, as the extruded two-
dimensional�-shockwill always be able to covermore of the original
normal shock wave than the three-dimensional �-shock system, and
thus be more effective as a drag reduction device. The strong
variations seen at the bottom of Fig. 9b, i.e., large p0 reductions over
the SCB and large p0 gains away from the SCB close to the surface,
are due to slight variations in the height of the boundary layer just
downstream of the SCB relative to the clean aerofoil case. They thus
represent a local effect and do not translate to significant variations in
global drag values.

Figure 10a shows the upper surface cp contours for a typical three-
dimensional SCB (bspacing � 0:3c, bwidth � 0:1c and �ramp � 6�),
indicating the finite spanwise extent of the beneficial �-shock
system. This effect is quantified in Fig. 10b, which shows the
spanwise variation of local section CL, CD, and L=D, obtained via
surface integration of pressure and skin friction forces at different
spanwise locations, highlighting the rapid local performance
degradation in the spanwise direction away from the SCB. It also
indicates that theL=D benefit of the SCB is due to a simultaneousCD
reduction and CL increase. Figure 11 shows the variation of
streamwise cp distribution at different spanwise sections for the same
three-dimensional SCB case along with those of the clean wing and
the two-dimensional SCB from Fig. 9a for comparison, indicating
the spanwise variation of control effectiveness. The relatively
constant CL increase across the model span seen in Fig. 10b is a
consequence of the shock smearing produced by the SCB, which
persists away from the three-dimensional SCB itself, reducing the

a) Variable bspacing and θramp; bwidth = 0.1 b) Variable bwidth  and θramp; bspacing  = 0.3c

Fig. 8 L=D performance for three-dimensional SCB designs with variable �ramp.

a) 2D SCB, θ ramp = 3º b) 3D SCB, θ ramp = 6º

Fig. 9 Contours of p0 gain (N=m
2) over cleanwing design over vertical spanwise plane at end of SCB for two-dimensional and three-dimensional SCBs;

solid line marks zero gain.
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immediate post-shock pressure rise, as shown in Figs. 11a and 11b,
and increasing the section lift. The small reduction in CL gain at the
SCBcenterline is due to the stronger compression over the SCB ramp
in this region (see Fig. 10a) increasing the pressure over a larger
streamwise section of the wing (see Fig. 11c); although this effect
will be localized to the SCB ramp, the degree of isolation of this drop
in CL gain observed in Fig. 10b is likely to be a consequence of the
number of spanwise measurement locations used.

A further observation from Fig. 8 is that the �ramp required to
maximize L=D (�ramp;maxL=D) for three-dimensional SCB designs
increases with both increasing bspacing and decreasing bwidth, i.e., as
the three-dimensional SCB becomes more isolated. This has been
summarized in Fig. 12, which plots the values of �ramp;maxL=D for the
designs in Fig. 8a against bspacing Fig. 12a and the designs in Fig. 8b
against bwidth Fig. 12b, highlighting the observed trend. Both graphs
show a linear increase in �ramp with three-dimensional SCB isolation;

however, the departure from the trend for the highestbspacing design in
Fig. 12a indicates that this increase may be limited to a certain
maximum value, depending on the other SCB spanwise variables.
Exploration of this hypothesis and determination of this limiting
value for different combinations of SCB spanwise design were not
undertaken due to limitations on the time frame of the study. The
more general trend of increased �ramp;maxL=D with SCB isolation
occurs because the effective flow turning angle (thus, strength of the
leading leg of the �-shock, and efficiency of the control) is reduced
by spanwise flow leakage over the SCB ramp due to the spanwise
pressure gradient (see Fig. 10a), as described by Ogawa [12] and
Ogawa and Babinsky [6].

Figure 8 indicates that, for each SCBdesign, theL=Dperformance
rapidly decreases away from the maximum value with increasing
�ramp. The mechanism for this performance reduction is a breakdown
of the�-shock structure into a double-shock system, accompanied by
strongflow reexpansion behind the SCBcrest, as shown in Fig. 13 for
the two-dimensional SCB. The double-shock system has a higher
wave drag than the �-shock structure (and the clean wing normal
shock), and causes greater distress to the boundary layer, often
leading to flow separation, which both increases drag and reduces
lift. This breakdown is caused by the inability of the flowfield to
support the triple point (required for the �-shock structure shown in
Fig. 1) compatiblewith the high flow turning angle specified by �ramp

[6]. The same breakdown mechanism was observed for all the three-
dimensional SCB designs studied in Fig. 8, with the final double-
shock structure extending across the entire wing section (although
the reexpansion region and thus strengthened secondary shock were
localized to the SCB span). The severity of the performance
reduction beyond the maximum is reduced for three-dimensional
SCBs with greater bspacing and smaller bwidth (see Fig. 8) because of
the reduced span of the flow reexpansion region, with the two-
dimensional SCB exhibiting the most severe breakdown. The three-
dimensional SCB design examined in Figs. 9–11, which
is close to optimal (maximum L=D with respect to �ramp variation;
see Fig. 8) exhibits localized flow reexpansion over the SCB crest
(see Fig. 11c) while maintaining a �-shock structure. This flow

a) Variable bspacing ,  bwidth = 0.1c b) Variable bwidth ,  bspacing = 0.3c

Fig. 12 Variation of �ramp;maxL=D with spanwise variables for three-dimensional SCBs used in Fig. 8; solid line gives �ramp;maxL=D for the two-

dimensional SCB.

a) Midway between SCBs (y/c =  0) b) Between symmetry plane and 
SCB centerline (y/c = 0.075)

c) SCB centerline (y/c = 0.15)

Fig. 11 Streamwise cp distributions for three-dimensional SCB (�ramp � 6�) compared to two-dimensional SCB (�ramp � 3�) and clean wing; vertical

lines mark SCB ramp, crest, and tail locations.

b) Local section force integrals

a) Upper surface cp contours

Fig. 10 Three-dimensional SCBwith bspacing � 0:3c, bwidth � 0:1c, and
�ramp � 6�.
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reexpansion over the SCB crest at maximumL=D design is typical of
the more isolated three-dimensional SCBs, with the effect
diminishing as the designs move closer to the two-dimensional
case (see Fig. 11c). Similar flow reacceleration over three-
dimensional SCBs with high �ramp achieving high drag savings has
been observed in experimental investigations performed at the
University of Cambridge [12,13]. This suggests that the three-
dimensional �-shock structure is more resistant than the two-
dimensional version to breakdown into the double-shock formation,
enabling greater flow turning angles over the ramp and thus greater
drag reductions for the flow close to the SCB, helping to balance
out the regions of reduced savings between the SCBs. It is possible
that three-dimensional SCB performance could therefore be
improved by local modifications to the SCB crest design; however, it
is not clear whether these potential improvements would enable
superior design point performance to two-dimensional SCBs in the
transonic regime.

B. Variable SCB Chordwise Location

The assumption of negligible difference of optimal xstart location
for two- and three-dimensional SCBs was tested by varying xstart for
two sample cases from the previous study (a two-dimensional SCB
with �ramp � 3� and a three-dimensional SCB with bspacing � 0:3c,

bwidth � 0:1c and �ramp � 6�), shown in Fig. 14. Although there is a
small relative performance discrepancy between the two- and three-
dimensional SCBs for different xstart values, the choice of fixing
xstart � 0:39c for all bump geometries should not unduly bias the
results from the parametric studies. The optimal location of xstart has
only been investigated for two SCB designs, and so it is possible that
there is some variation of this value across the SCB design space;
however, this was not investigated further due to limitations on the
time frame for the study and the small performance variation between
the two- and three-dimensional designs observed in Fig. 14.

The drop in L=D away from xstart � 0:39c is due to shock
misalignment with the SCB crest for both two- and three-
dimensional designs, reducing the L=D benefit of the device. For
xstart < 0:39c the rear leg of the � structure sits downstream of the
SCB crest; this allows the supersonic flow inside the �-shock
structure to be reexpanded over the crest, strengthening the �-shock
rear leg and increasing its associated drag, as shown in Fig. 15a. For
xstart > 0:39c the rear leg of the � structure sits upstream of the
SCB crest; the (high) subsonic flow behind the rear leg is accelerated
to supersonic by the SCB ramp, which is then reexpanded over
the crest, resulting in a secondary shock and thus increased drag, as
shown in Fig. 15c. A similar variation of the flowfield over
the centerline of three-dimensional SCBs has been observed in
experimental investigations undertaken at the University of
Cambridge for a flat-plate SCB model with variable shock location
relative to the SCB crest [12,13,15].

C. Variable SCB Shoulder Design

Two studies were undertaken to assess the impact of varying bedge
on three-dimensional SCB performance. The first looked at varying
bedge while simultaneously varying bwidth to hold the total SCBwidth
[bwidth � �2 � bedge�] constant, while the second looked at varying
bedge with bwidth fixed. In both cases, bedge was varied from 0c
(vertical SCB sidewalls) to 0:05c in 0:01c intervals, and for each of
these configurations, �ramp was increased from 0� in 1� intervals until
a performance peak was found. The variations in L=D performance
for the first and second studies are shown in Figs. 16a and 16b,
respectively. The SCB designs with bedge � 0c required an alter-
native mesh to that used for all other SCBs, shown in Fig. 4; the SCB
and wing surface grid was the same, but three additional evenly
spaced grid lines were added along the vertical sidewalls to
accurately mesh the model, with the lines originating from the point
defined by the SCB ramp intersection with the clean wing, and

a) ramp = 2ºθ b) ramp = 3ºθ c) ramp = 4ºθ
Fig. 13 Supersonic Mach number contours over two-dimensional SCB designs with variable �ramp; vertical lines mark xstart and crest location.

Fig. 14 L=D performance of two- and three-dimensional SCBs with

variable xstart.

a) xstart = 0.37c b) xstart = 0.39c c) xstart = 0.41c

Fig. 15 SupersonicMach number contours over plane down the center of three-dimensional SCB designs with variable xstart; vertical lines mark xstart
and crest location.

2888 EASTWOOD AND JARRETT

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
E

R
SI

T
Y

 o
n 

M
ar

ch
 2

0,
 2

01
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
05

17
40

 



returning to the tail intersectionwith thewing. This generated several
spanwise rows of triangular cells in the mesh; however, this did not
lead to any convergence issues with the simulation.

Figure 16b indicates that increasing bedge with bwidth fixed
improvesL=D performance, because a greater spanwise extent of the
flow is being directly affected by the SCB (its total width has
increased). However, Fig. 16a indicates that, for bedge > 0:01c, L=D
performance decreases as bedge becomes a greater proportion of the
total SCB width. This is because the ramp angle seen by the flow
passing over the shoulder regions at the front of the SCB is lower than
that over the central ramp section and will therefore experience a
lower degree of compression, a weaker �-shock system, and thus a
reduced p0 saving. A reduction in the maximum achievable L=D is
observed for the limiting case of bedge � 0c (see Fig. 16a, despite the
fact that it performs better than all other designs at lower �ramp,
suggesting that the �-shock breakdown mechanism is not as stable
for this design.

D. On-Design Performance Trends

Figures 8 and 16 indicate a reduction in attainable SCB
performance (maximum achievableL=D) as the SCB becomes more
isolated on the wing section (i.e., as it moves further from the two-
dimensional design). By defining the SCB isolation ratio � as the
gap between SCBs divided by the SCB spacing (�� 1 � �bwidth
�2	bedge�=bspacing), a clear relationship with the maximum
achievable L=D with respect to �ramp emerges, as shown in
Fig. 17a. A value of 1 for the isolation ratio describes a clean wing
section (no SCB); however, a value of 0 does not explicity define a
two-dimensional SCB (unless bedge � 0); it is anticipated that a
three-dimensional SCB with bedge > 0 will have a slightly lower
maximumL=D than the two-dimensional design due to the presence
of finite shoulder sections. For simplicity, the two-dimensional SCB
result has been given a value of 0. Each data set in Fig. 17a represents
a separate parametric study undertaken: sets 1, 2, 4, and 5 correspond
to Figs. 8a, 8b, 16a, and 16b, respectively, with sets 3 and 6
representing very similar studies undertaken to cover a fuller range in

�. A cubic polynomial with an rms error of 0.256 has been fitted to
the data in Fig. 17a using least squares; the small spread in the results
indicates a strong dependence of L=D on � alone, and could be
explained to some extent by prediction error (i.e., the 1� increments
of �ramp used to find the maximum L=D for each design). The curve
indicates a nonlinear performance degradation as the three-
dimensional SCB becomes more isolated: the maximum achievable
L=D drops 2% for isolation ratios up to 0.4, with a more rapid
degradation beyond this point.

Although the isolation ratio best defines the effectiveness of the
three-dimensional SCB in terms of maximum achievable L=D, �ramp

at which this maximum is achieved (�ramp;maxL=D) is more closely
correlated with the ratio bwidth=bspacing, shown in Fig. 17b, with a
quadratic function (rms error� 0:496) providing a least-squares fit
to the data. Increments of �ramp � 1� were used to find the maximum
L=D point, explaining some of the spread in the data. Figure 17b
indicates that �ramp at which the �-shock over the center of the SCB
breaks down into a double-shock system (which is correlated with
�ramp;maxL=D; see Figs. 8 and 16) is goverened by the ratio of central
SCB region (bwidth) to bspacing, as this defines the proportion of the
flow being turned by the full �ramp. The variable dependencies shown
in Fig. 17 are illustrated by Fig. 16: the designs in Fig. 16a have the
same � and approximately the same maximum L=D with different
�ramp;maxL=D, whereas the designs in Fig. 16b have the same
bwidth=bspacing ratio and have approximately the same �ramp;maxL=D

with a greater variation in maximum L=D.
The close least-squares fits of the data relating � to L=Dmax and

bwidth=bspacing to �ramp;maxL=D in Fig. 17 are good indicators of the
dependence on these key parameters; however, it is likely that
specific details of the cubic and quadratic functions used will vary
with different operating conditions and underlying aerofoil design.

E. Off-Design Performance

Off-design performance of two families of SCBswere assessed by
varying �, keeping M1 fixed. The L=D vs CL performance for a

a) bwidth + (2 × bedge) = const. = 0.14c b) bwidth = const. = 0.1c

Fig. 16 L=D variation with bedge.

a) b)

Fig. 17 SCB performance variation with key design parameters.
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family (variable �ramp) of two-dimensional SCBs is compared to that
of a family of three-dimensional SCBs (bspacing � 0:3c, bwidth � 0:1c
and bedge � 0:02c) in Fig. 18; for clarity, only selected designs from
the three-dimensional SCB family are shown. For almost all designs,
performance is seen to improve over that of the clean wing at CL
values higher than the design point (the points located in the range
0:97 � CL � 1:0 in Fig. 18, corresponding to �� 0�), and degrades
at CL values below the design point, which is in agreement with
findings from other two-dimensional [2,4] and three-dimensional
[16] studies.

As theCL of thewing section decreases, the shockwave decreases
in strength and moves upstream; this movement is large enough to
displace the shock wave entirely upstream of the SCB for all points
below the design pointCL in Fig. 18, locating the SCB entirely in the
subsonic flow. This shock misalignment leads to flow reacceleration
over the SCB ramp and crest, terminated by a secondary shock, in the
same mechanism seen in Fig. 15c. There is no �-shock system as
xshock < xstart; thus, the SCB purely adds to overall wing drag,
reducing the L=D as seen in Fig. 18. At CL values above the design
point, the shock moves downstream by 4–5%c on the clean wing,
and increases in strength. Although the SCB restrains the shock
movement to some extent by fixing the location of the �-shock
leading leg, the relative displacement of the clean wing shock
location from the SCB crest leads to some movement of the
�-shock rear leg away from the SCB crest. This shock/crest
misalignment also leads to flow reexpansion through the mechanism
seen in Fig. 15a, and a strengthening of the �-shock rear leg. Despite
this, the �-shock still generates a net reduction in drag, hence the
L=D gain over the clean wing formost of the SCB designs in Fig. 18.
The shock strengthening is greatest for SCB designs with the highest
�ramp angles (which have the largest flow reexpansion over the crest)
and most severe at high wing CL conditions (xshock is further
downstreamof the SCB crest, thusmore of the shockwave is affected
by the expansion waves coming off the crest). In the most severe
cases considered (i.e., the SCBs with the highest �ramp values,
analyzed at the highest CL), this outweighs the benefit from the
�-shock structure, leading to an overall drag increase over the clean
wing (see Fig. 18). ThisL=D performance reduction atCL above the
design point is contrary to findings from other SCB studies [2,4],
which may be a consequence of greater shock movement relative to
the SCB crest for these investigations at the highest CL conditions,
causing greater levels of unwanted flow reexpansion than in the
existing studies. Although this could explain the discrepancy with
existing SCB studies on laminar wing sections (due to their limited
variation of shock location with operating conditions), the cause of
the discrepancies is not as clear for studies on turbulent wing
sections. Comparing two- and three-dimensional SCB designs that
achieve a similar L=D at the design point (CL ’ 0:97), e.g., the 2�

two-dimensional SCB and the 6� three-dimensional SCB in Fig. 18,
indicates that the two-dimensional SCBs perform better at both high
and low CL off-design conditions. This is because the reduction in

maximumachievableL=D for a three-dimensional SCBcompared to
a two-dimensional design implies that comparing SCBs with the
same design point L=D requires the three-dimensional design to
have not only a higher �ramp, but also a value closer (proportionally) to
its specific value of �ramp;maxL=D. Therefore, despite the fact that
three-dimensional�-shock structureswere observed previously to be
more resilient to breakdown into double-shock systems with a given
level of flow reexpansion, a three-dimensional SCB with the same
design point L=D as a two-dimensional design will be closer to the
point of serious flow reexpansion and �-shock breakdown, and thus
will experience more severe performance degradation when moving
to off-design conditions.

To separate the effect of xshock movement from the variation
of shock strength at off-design conditions, a second study was
performed usingM1 and � combinations that generate a variation of
CL with the same xshock on the clean wing section. Appropriate flow
conditions were found by iteratingM1 for a range of � to obtain the
required xshock (all within 2%c of the design point value); the
conditions are shown inTable 1 alongwith an approximate pre-shock
Mach number (Msh), calculated using the surface cp value just
upstream of the shock and an assumption of isentropic flow up to that
point.

The variation of L=D with CL for the flow conditions shown in
Table 1 is shown in Fig. 19 for the same two- and three-dimensional
SCB designs used in Fig. 18. Comparing the off-design performance
of two- and three-dimensional SCB designs that produce a similar
L=D gain at the design point (CL ’ 0:97) reveals little difference,
except for the highest �ramp designs (e.g., compare the 2� two-
dimensional SCB with the 6� three-dimensional SCB) at low CL
values, where the two-dimensional SCB begins to perform better
than the three-dimensional SCB. The performance degradation at
observed low CL is caused by a breakdown of the �-shock into a
double-shock system. This is because the local Mach number just
ahead of the shock has been reduced from that at the design point,
thus the flowfield is not able to support a triple point at the highest

Fig. 18 L=D vs CL for two- and three-dimensional SCBs with different

�ramp at M1 � 0:705.

Table 1 Freestream flow condition combinations resulting

in xshock (constant for the R4 aerofoil with resultingMsh and

CL values; Re� 3 � 106)

� M1 Msh CL

�1:0 0.723 1.183 0.823
�0:75 0.718 1.222 0.861
�0:5 0.714 1.271 0.901
�0:25 0.710 1.292 0.937
0 0.705 1.310 0.970a

.25 0.701 1.300 1.00

.5 0.697 1.298 1.04

.75 0.695 1.331 1.07
1.0 0.693 1.378 1.10

aOriginal design point.

Fig. 19 L=D vs CL for two- and three-dimensional SCBs with different

�ramp at flow conditions in Table 1.
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flow turning angles (the same mechanism causing the sharp drop in
L=D as �ramp is increased beyond �ramp;maxL=D in Figs. 8 and 16). The
higher flow turning angles required by the three-dimensional SCBs
to achieve equivalent design point L=D performance as the
two-dimensional designs again leads to the poorer off-design
performance at low CL observed in Fig. 19.

It should be noted that only one family of three-dimensional SCB
designs have been analyzed in these studies; it is therefore likely that
the off-design performance could be improved; however, it is
anticipated that it will still not be able to outperform that of two-
dimensional SCBs for the range of operating conditions considered.

F. Vortex Production

One of the reasons behind the continued interest in three-
dimensional SCBs is their ability to produce streamwise vortices,
and the possibility that this property could lead to improved off-
design behavior through suppression of large-scale separation
[11–14,17,18]. To visualize vortices, contours of streamwise
vorticity were calculated by taking the dot product of the flow
vorticity with the local velocity vector, shown in Eq. (1):

!str � ! 

Vxz
jVxzj

(1)

where Vxz is the x-z component of the local velocity vector, defined
so as to remove the y component of vorticity, associated with shear in
the boundary layer (as this could hinder visualization of the
streamwise vortices): Vxz � �Vx; 0; Vz�T .

Contours of !str are compared for typical two- and three-
dimensional (bspacing � 0:3c, bwidth � 0:1c, and bedge � 0:02c)
SCBs on a spanwise plane downstream of the SCB in Fig. 20,
indicating the presence of a counter-rotating pair of streamwise
vortices located downstream of the shoulders of the three-
dimensional SCB (see Fig. 20b. Discrepancies between the shape
and size of the vortex pair in Fig. 20b are likely to be due to the coarse

spanwise mesh spacing (0:01c – see Fig. 4b) relative to the vortex
diameter.

These vortices appear to be produced by two opposing spanwise
shearflows, drivenby spanwise pressure gradients over the SCB. The
first is generated at the SCB crest, due to the back leg of the �-shock
being located just downstream of the normal shock location either
side of the three-dimensional SCB, as shown in Fig. 10a. This
gradient generates a spanwise flow onto the SCB just after the crest,
as shown in Fig. 21a. The flow onto the SCB continues to the end of
the tail, where it is met by a local region of increased pressure,
generated by the concave streamwise geometry of the SCB tail
meeting thewing surface (see Fig. 3b). This (small) pressure gradient
pushes the boundary layer flow away from the SCB, in the opposite
direction to the bulk flow from the crest pressure gradient, as shown
in Fig. 21b (the flow off the SCB can just be seen very close to the
surface at the shoulders of the SCB). The spanwise shear flows close
to the surface over the SCB crest and tail, and pressure gradients that
drive them, are also shown in Fig. 22, which gives a planform view of
the wing section upper surface with the same SCB as that shown in
Fig. 21 (the vertical lines spanning Fig. 22 indicate the location of the
measurement planes used in Fig. 21). The flow onto the SCB
immediately after the crest can be seen, with the weak flow off the
SCB at the tail indicated by a (slight) deviation of the streamlines.
The opposing shear flows indicated in Fig. 21 roll up to form the
weak streamwise vortices seen in Fig. 20 further downstream. It is
also possible that local flow separation around the SCB crest plays a
role invortex production, as noted byOgawa et al. [13], although this
is difficult to assess given the mesh size limitations for these CFD
investigations.

To use three-dimensional SCBs for buffet margin improvement,
stronger streamwise vortices need to be generated. One way of
increasing vortex strength is by increasing the spanwise pressure
gradient at the end of the SCB tail, thus increasing the magnitude of
the opposing shear flow, which leads to vortex production. This can
be achieved by reducing ltail, which, for a given lramp and �ramp,
increases the angle at which the SCB tail meets thewing surface and,

a) 2D SCB with θ ramp = 3º b) 3D SCB with θ ramp = 6º

Fig. 20 Contours of !str on a spanwise plane at x� 0:9c.

a) Plane at x = 0.5c b) Plane at x = 0.7c

Fig. 21 Contours of Vy on spanwise planes over a three-dimensional SCB with bspacing � 0:3c, bwidth � 0:1c, bedge � 0:02c, and �ramp � 6� at design

point.
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thus, the local streamwise concavity. Figure 23a shows contours of
!str downstream of the SCB tail (the same relative distance
downstream to the end of the SCB tail as in Fig. 20b for a three-
dimensional SCB of the same design in Fig. 20b, but with ltail half the
size.A comparisonwith Fig. 20b indicates that stronger vortices have
indeed been produced in this case.

A secondmethod of increasing the spanwise pressure gradient is to
increase �ramp, which will further reduce the low pressure behind the
SCB crest (especially if flow reexpansion starts to occur), as well as
increase the pressure at the end of the SCB tail. Figure 23b shows!str

contours on a spanwise plane behind an SCBwith the same design as
that used in Fig. 20b, but with �ramp � 8�. Comparison with Fig. 20b
shows a gain in both vortex strength and size over the baseline design.
The three-dimensional SCB with �ramp � 8� has a double-shock
rather than �-shock structure as �ramp > �ramp;maxL=D, and so is likely
to experience some level of flow separation behind the SCB crest.
This flow separation has been observed to be influential in vortex
production by three-dimensional SCBs in previous investigations
[12,13], and so this may be a factor in the vortex strength increase
observed in Fig. 23b; the samemay also be true for the SCB design in
Fig. 23a, as the reduced tail length increases the streamwise adverse
pressure gradient after the crest, promoting separation.

The relative strength of the vortices produced by these different
three-dimensional SCB designs can be quantified by comparing their
circulations. These were calculated by an integral of the vorticity
through surfaces localized to the approximate vortex shape (based on
Figs. 20b and 23) and perpendicular to the vortex path, using Eq. (2):

G�
ZZ
A

! 
 dA (2)

The circulation calculations showed large differences in
magnitude between the vortices in each pair. These were partly due
to the approximated shape and orientation of the integration planes,
butmainly due to the coarse spanwisemesh size, as noted previously.
As a simplemeans of quantifying the differences between alternative
three-dimensional SCBs, the rms circulation of each counter-rotating

pair of vortices was calculated for all three three-dimensional SCB
designs by squaring and averaging the circulations for each vortex in
the pair and taking the root of the result for each design considered.
The results, listed in Table 2, indicate the expected increased
circulations associated with the vortices of the designs in Fig. 23,
with the greatest value associatedwith the high �ramp design shown in
Fig. 23b. By repeating the circulation calculations for this high �ramp

design closer to the SCB, and performing a suitable non-
dimensionalization, the vortex strength could be compared with
those found by Ashill et al. [28] in experimental investigations on
sub-boundary-layer vortex generators conducted on transonic
aerofoil sections, revealing that the SCB circulation was approxi-
mately four times weaker than that of the best performing vortex
generators in the study. Although there is likely to be inaccuracy in
the vortex prediction, it is clear that the vortices produced by three-
dimensional SCBs are still weaker than those of bespoke separation
reduction devices such as vortex generators.

G. Buffet Alleviation

The potential for three-dimensional SCBs to reduce large-scale
separation and buffet through the production of streamwise vortices
has been assessed by looking at various SCB designs over a range of
M1. The same CFD model and solver settings as the design point
studies, detailed in Sec. II.B, were used, with the same number of
solution iterations performed for each analysis. The stronger shocks
andflow separation associatedwith these highM1 simulations led to
a slower solution convergence than that seen for the design point
studies; however, the convergence error for the solutions was still
very low, with typical differences in L=D values calculated over the
last 200 iterations approximately equal to 0.05% of the overall value.
Figure 24 compares streamwise �wx profiles over the clean wing to
those over a two-dimensional SCB for severalM1; negative values
of �wx indicate reversed flow and thus regions of separation.
Figure 24a indicates that there is a small separation bubble just after
the shock at the design point (M1 � 0:705); as M1 increases, this
shock separation bubble grows and trailing edge separation begins,
although this is only noticeable in Fig. 24a for M1 
 0:73. At
M1 � 0:74, the separation bubbles have joined, resulting in fully
reversed flow from the shock to the trailing edge. This large-scale
separation is taken to be indicative of buffet onset [29–31].
Figure 24b shows that the two-dimensional SCB has eliminated
shock separation at the design point (due to the breaking up of the
shock wave into the �-shock formation); however, at higher M1,
flow reexpansion over the SCB crest leads to stronger shocks and
larger separation bubbles than the clean wing case. Although the
greater separation leads to lower lift values than the cleanwing, the�-
shock introduced by the two-dimensional SCB still significantly
reduces thewing drag (despite the strengthening of the rear leg of the
�-shock by flow reexpansion), leading to an overallL=D increase for
the wing with the two-dimensional SCB for M1 from the design
point up to the value where full separation is observed behind the
shock (M1 � 0:74 from Fig. 24b).

Fig. 22 Upper surface cp contours and streamlines close to surface on
wing section with three-dimensional SCB.

a) Plane at x = 0.8c, ltail = 0.1c b) Plane at x = 0.9c, θramp = 8º

Fig. 23 Contours of !str on spanwise planes over wing section with three-dimensional SCBs at design point.
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Figure 25 compares �wx profiles over the wing with a three-
dimensional SCB at two spanwise locations for the sameM1 range
used in Fig. 24. Although separation has been greatly increased
behind the SCB itself (Fig. 25a), it has been eliminated entirely
between the SCBs (Fig. 25b). One cause for the separation pattern
observed is that the shock by the SCB crest has been strengthened
due to flow reexpansion over the crest, subjecting the local boundary
layer to a greater adverse pressure gradient. Moving spanwise away
from the SCB crest, the flow reexpansion quickly decays but the
compression initiated by the SCB ramp remains (because the SCB
crest is close to the shock whereas the SCB leading edge is further
upstream), resulting in a �-shock flow structure between the SCBs
with a weak normal shock leg and, thus, a reduced burden on the
boundary layer. A further benefit of the three-dimensional shock
structure is that the shock location is held more securely for the range
ofM1 than with the two-dimensional SCB (compare Fig. 24b with
Fig. 25), which may be beneficial for a wing incorporating the
devices.

The second factor determining the separation pattern is the
orientation of the streamwise vortices produced by the SCB. At the
design point, the vortices produced by the SCB rotate so as to
produce a region of downwash behind the SCB itself (see Fig. 20b).
However, as M1 increases, a secondary set of vortices develop
between the original pair, which rotate in the opposite sense, creating

a region of upwash. These secondary vortices appear to originate due
to a movement of the spanwise pressure gradients around the SCB
crest: atM1 above the design point, the shock between SCBs moves
downstream, simultaneously increasing the size of the high-pressure
region on the ramp, pushing flow off the SCB and decreasing the
pressure gradient, which is pushing flow onto the SCB just after the
crest (compare Fig. 26 with the on-design case in Fig. 10a). This
reduction means that the flow off the SCB ramp (generated by the
high pressure on the ramp) propagates downstream past the crest,
forming a pair of streamwise vortices that are fed by the low-
momentum boundary-layer flow being forced onto the SCB tail, as
shown in Fig. 27 (compared to the on-design flow in Fig. 21). A
similar reversal of vortex rotation was observed when the SCB was
moved upstream at the design point, as this is equivalent to moving
the shock location downstream relative to the SCB, resulting in a
similar modification of spanwise pressure gradients across the SCB
crest. The same vortex reversal was observed by Bruce and Babinsky
[15] in experimental investigations involving a variable shock
location over an SCB on a flat plate. The volume of low-momentum
flow being pushed toward the center of the SCB and upward atM1
above the design point contributes to the observed large-scale
separation in the center of the wing section, although it is difficult to
determine the causal relationship between thevortices and separation
from these CFD studies.

The separation observed for three-dimensional SCBs is large
enough that, despite the attached flow regions between SCBs, the
overall lift of thewing section is reduced below that of the cleanwing
and two-dimensional SCB even at M1, where full separation is
observed for the latter cases, resulting in lowerL=D predictions. This
difference in separation levels for the two- and three-dimensional
SCBs is highlighted in Fig. 28, which shows flow streamlines on a
vertical plane down the SCB centerline at the M1 for which full
separationwas observed for both designs based on Figs. 24b and 25b.
The separation behind the shock (located at the SCB crest) for the
two-dimensional SCB in Fig. 28a is close to the wing surface,

Table 2 RMS vortex circulation magnitudes from

different three-dimensional SCB designs

Three-dimensional SCB design RMS circulation, m2=sa

Baseline (Fig. 20b) 0.1564
ltail � 0:1c (Fig. 23a) 0.2218
�ramp � 8� (Fig. 23b) 0.5391

aCirculations were calculated 0:12c downstream of the end of the
SCB tail in each case.

a) Clean wing b) 2D SCB

Fig. 24 �wx profiles for clean wing and two-dimensional SCB at different M1 from CFD analysis.

a) Plane down  centerline  of SCB b) Plane midway between SCBs
Fig. 25 �wx profiles for three-dimensional SCB with bspacing � 0:3c, bwidth � 0:1c, bedge � 0:02c, and �ramp � 6� at different M1.
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whereas a far greater level is observed behind the three-dimensional
SCBcrest in Fig. 28b, helping to explain the difference inL=Dvalues
between the two designs.

The problem with using force predictions for design comparisons
at highM1 is that Reynolds-averaged Navier-Stokes (RANS) CFD
simulations become progressively less accurate as significant levels
of flow separation appear, and so improvement to buffet margin was
proposed as an alternative measure of off-design performance merit.
A wide range of buffet prediction criteria have been proposed [29–
33], most of which are based on empirical blends of wind tunnel and
flight test data. Some of the more reliable methods are based on
prediction of when flow separation reaches a critical stage, often
measured experimentally by a divergence of trailing edge pressure
[29]. A benefit of CFD simulations is the availability of thewall shear
stresses over the entire model surface, which allows the extent of
regions of separation to be quantified directly rather than through
pressure and wake deviations; in these investigations, a negative
value of streamwise (x-direction) wall shear stress, �wx, was used as a
suggestion of reversed flow. As the buffet prediction criteria
mentioned previously are based on separation over two-dimensional
aerofoils (for three-dimensional wings, an aerofoil section is
typically chosen from a separation-prone region of the wing), four
different prediction criteria, listed in Table 3, were developed for a
wing section with partially separated flow. These criteria are not
designed to accurately predict the onset of buffet; rather, they are
designed to quantify a potential gain inM1 before which large-scale
separation takes place and, thus, enable a comparison between
alternative SCB designs. M1 is the M1 at which the spanwise
average of �wx at x� 0:9c goes to 0, and is thus benefitted by designs
exhibiting lower levels of separation and higher shear stresses in
regions of attached flow (a measure of a lower shape factor, H, and
thus healthier boundary layer). The value 0:9cwas chosen based on
buffet criteria using this location to represent the acceptable limit for
separation bubbles [30]. M2 is theM1 at which the spanwise extent
of reversed flow reaches half the model span, and M3 is the M1 at
which the whole area of reversed flow reaches 20% of the suction
surface area; these are both representative of when separated flow
dominates the flow over the wing section. M4 is theM1 at which the
spanwise average of the incompressible shape factor,H, reaches 2.5,
which differentiates separated and unseparated flows, and has been
used as a measure for boundary-layer health for experimental three-
dimensional SCB studies [12]. The empirical relationships used to
develop the buffet onset criteria in Table 3 were largely designed for
use on aerofoils and wing sections, which experience separation as a

function of chord length, rather than the spanwise variations
observed for three-dimensional SCBs; thus, the ability of the criteria
to predict the onset of buffet is not known. To assess the accuracy of
the criteria for buffet onset prediction would require unsteady RANS
simulations of a three-dimensional SCB on the wing section for a
range of flow conditions, to identify the point at which shock
oscillations begin; these simulations would require a greater mesh
resolution and possibly alternative turbulence modeling to be able to
capture post-separation flow behavior and boundary-layer re-
attachment, which are important features of buffet. In addition,
unsteady RANS can require a tuning of � to initiate buffet [34],
increasing the number of simulations required for buffet analysis.
The increased expense of the computational analysis required for
buffet investigations (due to a greater mesh resolution, more
expensive turbulence model, and the unsteady simulation itself) and
lack of available unsteady experimental data for the wing section
used in these studies to validate any potential results prohibited the
undertaking of unsteady RANS given the computational resource
and time frame limitations for this project. The lack of validation for
the criteria in Table 3means that it cannot be claimed that they define
the specific point of buffet onset; rather, they are an indication of
separation reduction in critical regions of the wing section atM1 in
the rangewhere buffet onset is likely. Although they do not therefore
provide an absolute measure of buffet onset delay, they are useful for
comparing the off-design performance (in terms of separation
reduction) between different SCB designs and the clean wing. The
use of buffet onset delay, or buffet alleviation in the results presented
in the remainder of the paper, is therefore intended as a relativemeasure
of performance improvement under these off-design conditions, rather
than a specific measurement of the new buffet onset point.

A series of two- and three-dimensional SCB designs were
analyzed over a range ofM1 to compare buffet onset margins based
on the criteria in Table 3. The designs were chosen to provide a range
of vortex strengths and separation levels for comparison and are
listed in Table 4; all three-dimensional designs have bspacing � 0:3c,
bedge � 0:02c and lramp � 0:1c, with the baseline design having
bwidth � 0:1c, �ramp � 6�, xstart � 0:39c, and ltail � 0:2c with one or
more of these values altered between different designs, as noted in
Table 4. For each design, M1 was varied from 0.67 to 0.77 in
intervals of 0.005, holding � constant at the design point value, with
all relevant flowfield properties recorded for each design; linear
interpolation was used during postprocessing to determine specific
values for the buffet onset criteria. Figure 29 plots M1 against M2,
M3, and M4, with the Pearson linear correlation coefficients (r) for
these three lines as well as all other buffet criteria combinations
recorded in Table 5. The high levels of correlation between the
criteria suggest that they capture the same trends in separation
reduction at highM1 and are relatively interchangeable; for the rest
of the analysis presented, M1 will be used to assess buffet onset.

To assess the correlation between buffet margin improvement and
vortex production, Fig. 30 shows the gain in M1 of the 10 SCB
designs over the clean wing case against their design point rms peak
vortex strengths (the legend refers to the designs in Table 4). Because

Fig. 26 Upper surface cp contours atM1 � 0:74.

a) Plane at x = 0.5c b) Plane at x = 0.7c
Fig. 27 Contours of Vy on spanwise planes over a three-dimensional SCB with bspacing � 0:3c, bwidth � 0:1c, bedge � 0:02c and �ramp � 6� at

M1 � 0:74.
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of the potential inaccuracies in calulation of peak vortex strengths
(peak !str) due to the spanwise mesh resolution mentioned
previously, the use of the vortex circulation would have been
preferable to compare the strength of vortices between different
three-dimensional SCB designs. The problem with circulation
calculation is that it requires the determination of bounds for each
vortex to define the local plane for integration of vorticity, which vary
between the different designs. It was not possible to reliably find the
geometric bounds for the vortices using an automated algorithm; the
desire to compare the vortex strengths of a large number of SCB
designs (those from all the parametric studies undertaken, rather than
just fromTable 4)made the use of an automated procedure necessary,
and thus the peak value of !str, which was possible to calculate more
reliably, was used to compare the vortex strengths. Design point
values are a valid metric for comparison because they are closely
correlated to off-design vortex strengths, as both on- and off-design
vortex strengths are related to the magnitudes of spanwise pressure
gradients, which are in turn determined by SCB geometry. It is
not clear whether the separation patterns observed at high M1

(dictating the buffet boundary) are caused by the vortices or whether
they help generate the vortices; however, it is likely that the same
physical processes (i.e., spanwise pressure gradients) govern both
phenomena, explaining the correlation. For each design, the rms of
the peak values of !str from the two vortex cores were taken at a
spanwise plane 0:05c downstream of the end of the SCB tail. Taking
the !str measurements at the same streamwise location relative to the
SCB allows the strengths of the vortices produced by the SCB to be
comparedwithout the losses due to dissipation at a fixed downstream
location (due to varying SCB tail ending locations for the different
designs). Figure 30 indicates a strong linear correlation between the
design point peak !str and an improvement in the buffet margin,
�M1 (r� 0:922), for the three-dimensional SCB designs (the two-
dimensional SCBs are not included in the correlation), as highlighted
by the least-squares fit.

Figure 31 compares the variation in L=D gain over the clean wing
at the design point with the M1 gain over the clean wing for all SCB
designs considered. A Pareto front comprising designs B, D, H, and
K is apparent, representing the range of best possible tradeoffs
between design point L=D performance and improvements to the
buffet margin; the other SCB designs lie close to the front with the
exceptions of designs C, G, and J. Designs C and J are versions of
the two-dimensional and baseline three-dimensional SCBs with
lower values of �ramp, reducing their on-design L=D performance
with no real gain in buffet margin (their performance more closely
resembles that of the clean wing; see Fig. 31). Design G was
anticipated to delay vortex reversal and flow separation by locating
the SCB further downstream than the baseline three-dimensional
SCB design (thus becoming optimally located at a higher M1);
however, the gain in M1 is small and offset by a large drop in on-
design L=D due to SCB misalignment with the shock (see Fig. 31).

A final comparison between the two-dimensional and baseline
three-dimensional SCBs is shown in Fig. 32, which shows the L=D
variation of each design compared to the clean wing, cut off at the
predicted buffet onset criterion M1, illustrating the tradeoff between
maximizing L=D and extending safe operating range.

H. Buffet Alleviation Performance Trends

The correlation between buffet margin improvement and design
point vortex strength shown in Fig. 30 indicates that, even if the
vortices are not solely responsible for the improvement, the same
design parameters influence both phenomena. Two key paremeters

Fig. 28 Streamlines on x-z plane over wing section with SCBs atM1 �
0:74 located at SCB centerline; flow is left to right.

Table 3 Wing section buffet criteria

Criterion Description

M1 M1 at which spanwise average of �wx;x�0:9c � 0
M2 M1 at which spanwise extent of ��wx;x�0:9c < 0� � bspacing=2
M3 M1 at which overall area of ��wx;x�0:9c < 0� � total area=5
M4 M1 at which spanwise average of Hx�0:9c � 2:5

Table 4 SCB designs for buffet analysis

SCB design Two-dimensional/
three-dimensional

Description

A Two-dimensional Clean wing
B Two-dimensional �ramp � 3�

C Two-dimensional �ramp � 1�

D Three-dimensional Baseline design
E Three-dimensional bwidth � 0:06c, �ramp � 8�a

F Three-dimensional bwidth � 0:04c, �ramp � 9�a

G Three-dimensional xstart � 0:41c
H Three-dimensional ltail � 0:1c
I Three-dimensional ltail � 0:4c
J Three-dimensional �ramp � 3�

K Three-dimensional �ramp � 8�

a�ramp increased to value givingmaximumL=D at design point for comparison
with baseline three-dimensional SCB design.

Fig. 29 Correlation of different buffet onset criteria for 11 SCBdesigns

considered.

Table 5 Buffet criteria Pearson correlation coefficients

M1 M2 M3 M4

M1 1 0.9359 0.9010 0.8180
M2 0.9359 1 0.8913 0.7552
M3 0.9010 0.8913 1 0.8598
M4 0.8180 0.7552 0.8598 1
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were established previously to be ltail and �ramp (see Table 3 and
Fig. 31), both of which control the spanwise pressure gradients
across the SCB. In addition, some variation in buffet margin was also
observed for changes to bwidth; however, for the comparison shown in
Fig. 31, these changeswere also accompanied by differences in �ramp,
and so the effect could not be isolated. In terms of spanwise pressure
gradients, once the SCB is sufficiently isolated (i.e., large enough�)
to minimize spanwise �-shock overlap, greater isolation will not
increase the gradients any further. However, a greater � not only
enables larger �ramp designs tomaintain a�-shock structure on design
(maximizing L=D), but reduces the L=D penalty when �ramp is
increased beyond that point, thus allowing a reducedL=D penalty for
SCB designs with higher vortex strengths. Increasing � should also
improve buffet performance by restricting the region of separated

flow behind the SCB, although Fig. 31 only indicates small
improvements for the higher� designs. It is not clear from the results
of this limited study howmuch improvement in buffet margin can be
achieved by further increasing �ramp and�, or reducing lramp, making
it difficult to design an SCB with the sole objective of increased
buffet margin; such a design would also be likely to have a very poor
on-design L=D performance, making it unsuitable for practical use.
A far more useful measure of utility is to consider the tradeoff in
performance between on-design L=D and increased buffet margin;
by substituting buffet margin improvement for design point peak
vortex strength just downstream of the SCB tail (possible through the
strong correlation seen in Fig. 30), all of the SCB designs considered
in the design studies presented earlier in this paper can be compared.
The data are presented in Fig. 33, with the Pareto front, which
represents the optimal tradeoff between the two objectives,
highlighted.

Figure 33 also includes the designs analyzed in the buffet study
(detailed in Table 4), the best performing of which lie close to or on
the Pareto front. Of these designs, only that with ltail � 0:1c
represents a new point on the Pareto front, indicating that further
investigation of this design variable could yield further incremental
benefits in terms of buffet alleviation; this is the subject of further
research. All the other points on the Pareto front are solely
differentiated by �ramp and their spanwise design variables, and so
may be directly compared using these parameters. Figure 34a plots
the data points from the Pareto front established in Fig. 33 in terms of
the two key design variables � and �ramp, indicating a strong linear
correlation (r� 0:922). By rotating the coordinate system in the
� � �ramp plane to alignwith the direction of the line of bestfit shown
in Fig. 34a, the SCB performance variation across the Pareto front
can be reduced to a dependence on a single variable (the distance
along this line, denoted as x0). Using the linear correlation shown in
Fig. 30 to relate peak vortex strength to three-dimensional SCB
buffet boundary increase (taking the exact value from Fig. 30 for the
two-dimensional SCB), Fig. 34b indicates both L=D and�M1 vary
linearly with the single combined variable x0 (r��0:813; 0:882,
respectively). There is a greater spread of results for large values of x0

(designswith high�M1 and lowL=D), which could be due to amore
complicated functional relationship governing vortex production, or
the large inaccuracies associatedwith vortex simulationwith a coarse
grid resolution.

While this dimensionality reduction is useful for this specific
design case, it is anticipated that alterations to the design point
operating conditions or underlying clean aerofoil designwould affect
this relationship; thus, this specific combination of these two key
variables is unlikely to describe the Pareto front for alternative SCB
design problems. Furthermore, the investigation into the effect of
other parameters, such as lramp, ltail, and xstart, as well as more detailed
SCB designs (i.e., with smoothed edges or variable relative ramp,

Fig. 30 M1 gain vs on-design rms peak !str just behind SCB tail.

Fig. 31 M1 gain vs on-design L=D gain.

Fig. 32 L=D variation withM1 at �� 0�.

Fig. 33 Design point L=D variation tradeoff with peak vortex strength

for all SCB designs.
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crest, and tail widths) has so far been limited, with Fig. 33 suggesting
that possible (incremental) improvements to the Pareto front could be
achieved through a more detailed exploration of this higher
dimensional design space. These improvements would also alter the
ideal design vector established in Fig. 34a, as well as introduce new
functional parameter relationships required for Pareto-optimal
performance in the higher dimensionality design space.

IV. Conclusions

A numerical investigation into the performance of two- and three-
dimensional SCBs on an infinite span turbulent-type transonic wing
section under transonic conditions was undertaken. Three key
spanwise variables for the SCB (width, spacing, and edge design)
were varied in conjunction with the SCB ramp angle (which controls
the strength of the shock control device) to assess their effects and
inter-dependencies on the wing section performance.

Results of parametric SCB shape modifications indicate that if
solely considering design point lift/drag improvement, the extruded
two-dimensional SCB design is superior to a three-dimensional SCB
array, the former being the limiting case in terms of overlap of three-
dimensional �-shock regions. It is expected that improvements to the
three-dimensional SCB performance could be achieved through a
wider exploration of the available design space (in terms of the four
variables used in the investigations and the fixed streamwise SCB
design), as well as improvements to the geometric parameterization
in terms of removal of sharp edges to the SCB shoulders and a
variation of spanwise design along the SCB length; however, it is
anticipated that improvements will not be able to overcome the
inherent limitation in achievable L=D improvement that a three-
dimensional array has over an extruded two-dimensional device.

The potential advantage of three-dimensional over two-
dimensional SCBs has been hypothesized to come through off-
design performance gains, including buffet alleviation through the
production of streamwise vortices. Counter-rotating streamwise
vortex pairs were identified for the three-dimensional SCBs
investigated, with the production mechanism linked to opposing
shear flows set up by spanwise pressure gradients over the three-
dimensional SCB crest and tail. The strength of these vortices was
manipulated through variation of SCB geometrical parameters that
directly affect the strengths of these pressure gradients, namely, the
ramp angle and tail length. The accuracy of vortex strengths was
limited by the grid resolution used for the computational model;
future investigations with higher fidelity simulations could provide a
better representation of the streamwise vortices produced by the
devices and any variations in the production mechanism between
alternative SCB designs.

Investigation of SCB performance under off-design conditions
around the design point showed that the greater �ramp angles required
by three-dimensional SCBs to achieve the same level of design point
performance benefit as two-dimensional SCBs lead to a greater level
of flow reexpansion over the SCB crest at off-design conditions,

hence stonger shocks and poorer performance. To achieve the same
level of on-design performance as two-dimensional designs, three-
dimensional SCBs have to be closer to their maximum performance
design and, accordingly, suffer greater performance degradation off
design.

Investigations of several SCBs at high M1 showed that three-
dimensional designs were capable of breaking up regions of
separation behind the shock wave, and holding the shock wave fixed
over a range ofM1. The computational model mesh resolution and
turbulence model applied made force predictions of post-separation
flow unreliable, and so aerodynamic forces could not be used to
compare different SCB designs under these conditions. Instead, the
performance benefit was quantified through a buffet margin
improvement over the cleanwing, derived fromempirical criteria as a
way of quantifying the potential performance gains near buffet onset
through reduction of separation. Although the criteria developed
were a useful metric for comparison of high M1 performance
improvement, the link between their predictions and the actual
point of buffet onset for a wing with three-dimensional SCB
requires higher resolution, unsteady CFD analysis, and ultimately
experimental comparisons to be validated; this is suggested as a
useful route for future work. The criteria for buffet alleviation were
shown to correlate well with the design point vortex strength,
allowing a larger range of SCB designs to be assessed for both design
point L=D and buffet margin improvement. These two objectives
were shown to be conflicting, allowing a Pareto set of SCB
designs, representing the optimal tradeoff between these competing
objectives, to emerge. Variance along the front was shown to be
governed by both micro- and macroscopic SCB design variables
(ramp angle and isolation ratio, respectively). With a suitable
combination of these parameters, the emphasis of one performance
objective over the other for a specific SCB design could be
manipulated, allowing the designer a simple means of generating
bespoke SCBs for a range of performance requirements, e.g., to suit
different regions of a transonic aircraft wing. The ability to design
such a range of SCBs for a real aircraft wing requires an analysis of
their performance tradeoff on a more realistic model, incorporating
the effects of wing sweep. Future work should therefore focus on the
changes to the variable trends and design rules for three-dimensional
SCBs achieving an optimal tradeoff between the performance
objectives that occur when moving to an infinite swept wing model,
and ultimately to a three-dimensional wing.
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