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Surface roughness is known to have a substantial impact on the aerothermodynamic 
loading of hypersonic vehicles, particularly via its influence on the laminar-turbulent 
transition process within the boundary layer.  Typically, three-dimensional surface roughness 
accelerates the onset of transition, resulting in a dramatic increase in the drag and 
aerodynamic heating of the vehicle. Due to a lack of understanding of the physical mechanisms 
underlying roughness-induced transition, predictions during practical applications have 
relied on empirical correlations based on the roughness height and local characteristics of the 
unperturbed, mean, laminar boundary layer.  However, intensive research efforts during the 
past decade that began with NASA’s Fundamental Aeronautics Program (Hypersonics 
Project) have ushered in significant changes in the state-of-the-art, including enhanced 
understanding of transition physics as well as a database of numerical simulations and an 
expanded set of measurements pertaining to roughness effects on transition in high-speed 
boundary layers.  An overview of the lessons learned from these research efforts is presented 
in this document, with an emphasis on the work performed at NASA Langley Research 
Center. New developments related to the potential application of suitably designed surface 
topography toward a delayed onset of transition are also discussed. 

Nomenclature 
A = streak amplitude parameter for transition delay application 
Aru = measure of streak amplitude defined as one half of the maximum spanwise variation in streamwise 

mass flux across the wake, kg/(m2 sec) 
b = width of roughness element, mm   
BAMQT =  Boeing/AFOSR Mach-6 Quiet Tunnel 
D = diameter of circular roughness element, mm 
f = disturbance frequency, Hz 
k = roughness height, mm (or inches) 
m = mass flux associated with fluid injection from surface, kg/(m2 sec) 
n = spanwise (or azimuthal) wavenumber 
L = body (or vehicle) length, m (or inches) 
M = Mach number 
N = N-factor, i.e., integrated logarithmic amplification factor of an instability mode  
rms = root mean square fluctuation 
Reu = unit Reynolds number  
Rekk  = Reynolds number based on roughness height and flow conditions at this height within the incoming 

boundary layer 
T =    static temperature, K 
u =    streamwise velocity, m/s 
w = frontal half width of roughness element, mm 
(x,y,z) = streamwise, wall-normal, and spanwise coordinates, respectively (inches or mm) 
X =  streamwise coordinate (used interchangeably with x) 
d = boundary layer thickness based on u/u∞ = 0.995, mm 
r = density, kg/m3 
lw =  wavelength of wall waviness or spanwise array spacing, mm 
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Subscripts 
ad = adiabatic 
e = value at edge of unperturbed boundary layer 
k = value at trip height location 
r = location of roughness element 
tr = transition onset 
w = value at plate surface 
∞ =  free stream 

Superscripts 
¢ = unsteady perturbation 

I. Introduction 
Boundary layer transition from the laminar to a turbulent state is known to have a major impact on the design and 

performance of high-speed flight vehicles.  In particular, the thermal protection system (TPS) of the vehicle must be 
designed to ensure adequate protection for the interior payload. In general, the TPS can be of three types: (i) passive 
reusable, (ii) active reusable, and (iii) ablative, nonreusable. The ablative TPS is well-suited for reentry vehicles that 
encounter severe aerothermodynamic environments, particularly when it is not essential to consider reusable TPS. 
Most planetary entry, descent, and landing (EDL) systems involve ablative TPS. The boundary-layer transition 
characteristics can influence both the surface heating rate (which determines the type of TPS to be employed) and the 
overall heat load (which controls the thickness of the TPS and, in turn, the associated weight penalty). 

When the vehicle surface is relatively smooth, the transition process is initiated by linear instabilities of the laminar 
boundary layer, including streamwise instabilities in the form of first and second (or Mack) mode instabilities, Görtler 
instabilities associated with centrifugal effects due to concave curvature of the boundary layer streamlines, and 
stationary and/or traveling modes of crossflow instability in three-dimensional boundary layers. Transition may also 
occur right along the leading edge of an aerodynamic surface, either as a result of streamwise instabilities of the 
attachment line boundary layer or due to a form of “bypass” transition caused by the convection of high-amplitude 
fluctuations from juncture regions involving turbulent flow over an adjacent surface such as a vehicle fuselage. 

In practice, the above-mentioned transition scenarios can be significantly altered by the frequent occurrence of 
surface roughness over real flight vehicles.  Here, we use the term surface roughness in a broad sense, to denote all 
short-scale variations in the surface geometry that would invalidate the assumptions of the classical boundary layer 
theory by introducing perturbations with rapid spatial gradients in the flowfield adjacent to the surface.  The geometry 
variations may be either local (i.e., discrete,  isolated roughness elements) or nonlocal (i.e., distributed) in their spatial 
extent.  Furthermore, the surface height distribution may vary along a single direction along the surface (i.e., 2D 
roughness) or can be a function of both surface coordinates (i.e.,  3D roughness).  The magnitude of height 
perturbations may range from rather small values such that the roughness crests are buried deep within the boundary 
layer to rather large magnitudes where the roughness contour extends well beyond the edge of the unperturbed 
boundary layer.  Other significant roughness attributes include its length scales along both crossflow and streamwise 
directions (with the ratio of these two length scales denoting the planform aspect ratio of representative elements), 
shape, and orientation with respect to the inviscid streamline. Depending on the uncertainties related to the underlying 
cause for the surface roughness and/or the geometric complexity of the roughness height distribution, the latter may 
not always be fully deterministic and, at times,  may need to be treated as either partially or fully stochastic in nature.  

Examples of discrete roughness elements encountered in practical applications include protuberances or cavities 
that arise as a byproduct of the structural design of the vehicle or as a result of damage to the heat shield due to debris 
impact during vehicle launch, and gap fillers protruding in between the tiles of the thermal protection system (TPS).  
Other examples of surface roughness include distributed surface imperfections due to spallation or nonuniform surface 
recession over an ablative heat shield or due to misalignment of steps and gaps between the tiles of a TPS surface, 
other manufacturing imperfections such as surface waviness, and steps or gaps created during the assembly of different 
components, or due to differential thermal expansion during the flight, and arrays of discrete roughness elements that 
are deployed as tripping devices over the forebody of hypersonic vehicles with scramjet propulsion.  Figure 1 from 
Hollis1 illustrates a few of such roughness distributions encountered on space vehicles.  

In general, the presence of surface roughness can influence the aerothermodynamics of high-speed vehicles in two 
different ways.  If the approaching boundary layer flow is already turbulent, then the presence of surface roughness 
can augment the heat flux associated with the turbulent flow over a smooth surface.   On the other hand, when the 
incoming boundary-layer flow is laminar, the presence of 3D surface roughness tends to accelerate the laminar-
turbulent transition process. Because boundary layer transition can increase the surface heating rates by a factor of 
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nearly four to eight, roughness effects become very important when they cause the transition front to move close to 
the leading edge (or the nose) of the vehicle surface. Premature transition on reentry vehicles used for human space 
flight can jeopardize the structural integrity of the entire vehicle and pose a major safety hazard as shown by the 
investigations related to the 2005 accident involving shuttle orbiter Columbia.2  While roughness-induced tripping of 
the boundary layer leads to undesirable consequences in a number of practical applications, artificial roughness 
elements are often employed in scramjet applications to intentionally trip the boundary layer on the forebody of the 
vehicle, so as to prevent engine unstart without producing unacceptable levels of flow nonuniformities at the entrance 
to the combustor inlet.  

Fig. 1.  Selected examples of surface roughness (from Hollis1). 

Empirical observations involving discrete roughness elements3,4 have identified the maximum roughness height 
as the dominant parameter controlling the effects on the laminar-turbulent transition process.  Measurements suggest 
that when the roughness height exceeds a critical value, the transition front begins to move upstream relative to that 
over a smooth surface in the same disturbance environment (Fig. 2).  The rate of upstream movement slows down at 
sufficiently large heights and, for roughness heights larger than the so-called effective trip height, the onset of 
transition appears to asymptote to a location ranging from somewhere just behind the roughness element to a finite 
distance downstream.  Both the critical and effective values of the roughness height parameter are influenced by the 
shape of the roughness element, and also by the external disturbance environment as demonstrated by the recent 
experiments in the Mach 6 quiet tunnel at Purdue University.2 

Figure 2.  Schematic of variation in transition location with roughness height parameter.5 

Despite the common occurrence of surface roughness and its well-known impact on the vehicle design and 
operation for high-speed flight, the physical mechanisms underlying the transition process behind discrete roughness 
elements were not understood for a long time.  Consequently, predictions in practical applications were based on 
empirical prediction criteria derived from measurement databases involving limited data from prior flights and 
supplementary measurements in conventional wind tunnel facilities. The extensive research performed in support of 
shuttle orbiter Discovery’s Return-To-Flight (RTF) led to a first generation, rapid predictive capability for boundary 
layer transition due to damage or repair to the thermal protection system.2  The usefulness of such empirical 
methodology is, however, limited by the significant uncertainty associated with the correlation and the fact that it 
cannot be reliably extrapolated beyond the limited underlying database.  Often, the vehicle design process is based on 
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δ = boundary-layer height (m)
θc = sphere-cone model cone angle (deg)
θ = momentum thickness (m) 
λ = Dirling spacing parameter (in.)
ρe = boundary-layer edge density (kg/m3) 
ρk = density at roughness height (kg/m3) 
ρw = density at wall (kg/m3) 
ρ∞ = free stream density (kg/m3) 
μe = boundary-layer edge viscosity (kg/m/s)
μw = wall viscosity (kg/m/s)
τ = shear stress (Pa)

I. Background and Introduction 
 In this work, the effects of surface roughness on boundary-layer transition and turbulent heating are considered. 

These effects are important because the surface roughness of an entry vehicle’s Thermal Protection System (TPS)
can promote earlier boundary-layer transition and produce higher turbulent heating (and shear) levels than would be 
expected based on an idealized, smooth-surface analysis. However, due to the complexities of roughness effects, a 
vehicle’s TPS is typically designed using analytical, computational and/or experimental techniques that are based on 
the assumption of an Outer Mold Line (OML) with a smooth surface.  The effects of roughness on the
aerothermodynamic environment are then included through approximate engineering correlations and methods. 

“Roughness” is a generic term in aerospace literature that can encompass different types of surface features, as 
illustrated in Table 1. Roughness can be divided into two general types: discrete and distributed. Discrete 
roughness includes surface features such as attachment-point cavities, compression pads, gaps or steps between 
heat-shield tiles and physical damage to a TPS. Distributed roughness includes features such as tightly-spaced TPS 
tile patterns or hexcombs and ablated TPS.

The historical database on discrete and distributed roughness effects (e.g. surveys presented in Refs. 1 and 2) has 
largely been built on the basis of ground testing of simple geometries such as hemispheres, flat-plates, and sphere-
cones and from flight data on small-angle cones (e.g. missiles) and lifting bodies (e.g. the Space Shuttle). There are 
less data (especially for distributed roughness) available on blunt-body entry vehicles such as typified by the Apollo 
(spherical cap segment), Mars Science Laboratory (70-deg sphere-cone) or Genesis (60-deg sphere-cone) 
configurations. 

To address the lack of distributed roughness data on blunt bodies, an experimental program has been conducted 
to obtain hypersonic wind tunnel data on the effects of distributed roughness on blunt bodies. Two blunt-body 
geometries were considered in the study: a 70-deg sphere-cone and a hemisphere.  Two types of distributed
roughness were employed: sand-grain and patterned. Data were obtained on these geometries to determine the
effects of roughness on boundary-layer transition and turbulent heating augmentation and are presented herein.

Table 1.  Surface roughness types 

Discrete surface roughness Distributed surface roughness 
Cavities and protrusions Physical damage Tile patterns Honeycomb Sand-grain 

Attachment point 
cavities on Genesis heat 

shield 
Damge to Shuttle 

Orbiter tiles 

TPS panels on Mars 
Science Laboratory  heat 

shield 
Ablated TPS on 

Apollo heat shield 
Ablated TPS on Stardust 

heat shield 
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the assumption of fully turbulent flow (e.g., the X-34 and Orion Multipurpose Crew Vehicles).  Such an overly 
conservative design approach leads to thicker than necessary TPS and increased total weight or, equivalently, reduced 
payload fraction. 

For overviews of earlier research related to roughness effects on transition including both slender/aerodynamic 
and blunt body configurations, the reader is referred to the reviews by Schneider.6,7  More recent research under the 
Fundamental Aeronautics Program has led to significant breakthroughs in the understanding of physical mechanisms 
responsible for transition due to discrete roughness elements and has also provided partial constituents toward a next 
generation, physics-based prediction tool.  With sustained effort, a prediction capability of this type could be 
incorporated into the aerothermodynamic assessment of a broader class of hypersonic vehicles. An overview of the 
lessons learned from these research efforts is presented in this document, with an emphasis on the work performed at 
NASA Langley Research Center.  As necessary, we also provide references to other work.  References to the modern 
work are listed in approximate chronological order in Refs. 8 through 78.  Finally, we also discuss other new 
developments that are related to the potential application of suitably designed surface topography toward a delayed 
onset of transition.  

An outline of this document is as follows. The role of discrete, isolated, 3D roughness elements on transition is 
discussed in Sections 2 through 5.  As discussed in by Choudhari et al.,20,30  surface roughness may lead to an earlier 
onset of transition via various physical mechanisms: (1) accelerated growth and/or scattering of existing instability 
modes; (2) new classes of instabilities in the trip modified flow, which may be convective modes within the 
intermediate to far wake behind the roughness element or absolute/global instabilities of the separated flow near the 
element, (vortex shedding, etc.) that may or may not be coupled to one another; (3) strong transient growth of boundary 
layer perturbations; (4) enhanced receptivity to the existing disturbance environment, or (5) some other mechanism 
that is unknown as yet.  In practice, these mechanisms may operate on their own or, more likely, in concert with one 
another.  Transition due to roughness elements in the post-critical and near-effective to effective regimes is discussed 
in Sections II and III, respectively.  The role of roughness elements as catalysts in the receptivity process is discussed 
in Section IV, whereas the possible role of transient growth as a mechanism for roughness effects is examined in 
Section V.  Effects of distributed surface roughness on transition are explored in Section VI, and possible applications 
of surface topography modifications for delaying transition are described in Section VII.  The closely related topic 
pertaining to the effects of surface blowing is addressed in Section VIII, and concluding remarks are given in Section 
IX. We note that, even though a vehicle may be flying at hypersonic Mach number, significant regions of the flowfield
may involve significantly lower Mach number values at the edge of the boundary layer.  For example, during nose tip 
transition over blunt cones or transition over blunt capsule configurations, the edge Mach number throughout the 
region of interest is purely subsonic or, at most, low supersonic.  Thus, the physics of roughness effects across the 
entire speed regime can be relevant to roughness effects over hypersonic vehicles.  However, to limit the scope of this 
document, we only consider the research investigations that specifically targeted roughness effects pertaining to high-
speed flight.  

II. Discrete Roughness Elements: Post-critical Regime
In this section, we examine the role of discrete roughness elements with intermediate heights that are sufficiently 

post-critical so that the location of the transition front changes rapidly as the roughness height is varied (Fig. 1).  

A. Spanwise Periodic Trip Array on Compression Ramps 
The forebody of the Hyper-X vehicle geometry consisted of a flat section with rounded leading edge that was 

followed by two additional flat ramps providing discrete, sequential, nonisentropic flow compressions ahead of the 
engine.  Wind tunnel measurements by Berry et al.79 on a 0.33-scaled model of the Hyper-X forebody had shown that 
a spanwise periodic array of ramp shaped trip elements on the upstream flat section could induce boundary layer 
transition within a relatively short distance provided that the trip height was sufficiently large but still less than d.  
Mean flow computations by Choudhari et al.30 revealed that the spanwise varying boundary layer displacement due 
to the ramp-shaped trip elements induced strong streamwise streaks in the wake of the trip array (Fig. 3), which were 
similar to those revealed by the oil flow visualization during the wind tunnel experiment of Berry et al.79 as well as 
the analogous measurements by Borg et al.16 on a scaled model of the X-51 forebody.  The velocity contours at several 
streamwise stations showed that the streaks would persist for long distances over the forebody surface if the boundary-
layer flow were to remain laminar throughout that region.  Indeed, the streaks were reenergized across the compression 
corner (Fig. 4), similar to those in the measurements of Borg et al.16 
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Figure 3. Streamwise streaks produced by trip array on a 
scaled model of Hyper-X vehicle, visualized via u-velocity 
contours at selected streamwise locations; flow is from 
bottom left to upper right and, for visual clarity, the wall 
normal and spanwise coordinates y and z have been 
magnified relative to the x coordinate).  The underlying 
light blue surface corresponds to the isosurface of 
streamwise velocity for u = 1 m/sec. 

Figure 4.  Predicted heat flux distribution at 
selected spanwise planes (indicated as a 
fraction of the array spacing lw).  The 
streamwise extent of the trip array has been 
excluded from the plot. The abscissa has 
been normalized by the reference length of 
vehicle at the model scale, L = 48 inches, and 
the ordinate has been normalized to provide 
an approximate match between the 
predicted heating near x/L=0.08 with the 
corresponding laminar value from Borg 
and Schneider.16 

The stability characteristics of the roughness wake were examined with the goal of understanding whether the 
onset of transition behind the trip array might be related to the amplification of instability modes supported by the 
abovementioned streaks.  Since the spanwise and wall-normal length scales of these streaks are comparable with each 
other, the modified boundary-layer flow has a strongly inhomogeneous character in both y and z directions.  Therefore, 
its stability characteristics must be studied by solving a 2D, partial-differential-equation based eigenvalue problem, 
rather than using the conventional linear stability analysis, which is based on the assumption of basic state 
inhomogeneity along just the surface normal direction.   

Boundary-layer flows modified by finite amplitude streaks can typically support multiple modes of instability at a 
given station.   The growth rates of the two dominant modes of instability at x = 7.9 inches (i.e., in the near wake of 
the trip array) have been plotted against the disturbance frequency in Fig. 5(a), which also indicates the representative 
mode shapes for the magnitude of the u-velocity perturbation associated with each mode.  The spanwise wavelength 
of these modes is equal to the spacing between adjacent trip elements. Despite the presence of strongly inflexional 
boundary-layer profiles in the wall-normal direction, the more unstable mode (i.e., mode 1) from abovementioned 
modes is found to be driven by the spanwise (z) shear of the basic state (i.e., corresponds to an odd mode, which 
induces sinuous motions of the underlying stationary streaks).  Since the spanwise shear occurs solely because of the 
trip array, this dominant, odd (or “Z”) mode of streak instability would not have existed without the roughness 
elements.  The subdominant mode 2 was found to be an even mode that is primarily driven by the wall-normal (Y) 
shear associated with the basic state.  

Streamwise variation of growth rates and cumulative amplification ratios (N-factors) of fixed frequency 
disturbances belonging to each mode were evaluated to assess the amplification potential of the streak instabilities.   
As seen from Figs. 5(b)-(c), the growth of streak instabilities over model ramp 1 (both odd and even modes) ceases 
well upstream of the end of this ramp (x = 12.4 inches) before resuming again over the second compression ramp. 
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flow upwelling, i.e., in the region of increased wall-normal shear (du/dy).  The dominant odd modes were concentrated 
on either side of the mushroom structure, where the spanwise shear (du/dz) is large.   

N-factor calculations for fixed frequency disturbances showed that the maximum N-factor for the even (i.e., Y 
mode) instabilities was a sensitive function of the roughness height, decreasing rapidly for smaller k/d, i.e., as the 
diamond roughness element became shallower at a fixed front half width of w/d  ≈ 1.3.  For k//d = 0.56, the growth of 
instabilities over the centerline streak was clearly dominated by the Y-modes; however, at k//d = 0.44, the Z-mode 
instabilities had become much more dominant overall.  At a fixed roughness height of  k//d = 0.56, the maximum N-
factors associated with Y-modes also decreased rather rapidly from Nmax ≈ 16 to Nmax ≈ 5 as the half-width parameter 
w/d  reduced from 1.3 to 0.52.  However, at this relatively significant roughness height, the Y modes still had the 
larger growth rates in the initial region, and hence, the combined N-factor envelope was found to switch from even 
modes to odd modes at farther downstream locations for any roughness width between 0.52 < w/d  < 1.3.  Based on 
these results, Choudhari et al.30 concluded that, in such cases, the type of instability modes likely to cause transition 
would depend on the value of the N-factor required for transition correlation.  Furthermore, because the peak N-factors 
associated with the Z modes also decreased at smaller w/d  (only less rapidly than the Y modes), a further reduction 
in trip width below w/d  < 0.52 was predicted to reduce the peak N-factor below N = 9, indicating that transition would 
be unlikely to occur for very slender (i.e., pole like) roughness elements as a result of streak instabilities alone.  

 Predicted locations of transition onset based on correlating N-factor values of N = 9 (modeling transition in a 
relatively quiet disturbance environment) and N = 5 (modeling transition in a noisy environment) for w/d  ≈ 1.3 are 
shown in Fig. 7  as a function of the dimensional roughness height.  The trend from Fig. 7 suggests that the roughness 
heights considered in this plot are certainly post-critical.  However, at smaller roughness heights, the streak instabilities 
do not lead to large enough N-factors to cause transition on their own, and hence, the cause for transition at those 
smaller, yet post-critical roughness heights remains to be established. 

Figure 7.  Variation of predicted transition onset Reynolds number with roughness height.  Dashed 
lines indicate schematic of expected transition behavior at post-critical roughness heights.  Dotted 
line at xtr = 16 inches indicates the trailing edge of the flat plate model and the thickness of the 
unperturbed boundary layer at the roughness location is 0.027 inches.   

 Kegerise et al.56 acquired detailed experimental measurements of both the mean flow and the unsteady disturbance 
evolution behind a diamond planform roughness element in the Mach 3.5 Supersonic Low Disturbance Tunnel at the 
NASA Langley Research Center. The depth and quality of these measurements provided a detailed picture of the 
transition process behind the roughness element and also enabled a comprehensive comparison with the wake 
instability theory of Choudhari et al. 15,20,30  The computational predictions and experimental measurements showed 
good agreement with respect to the mean wake structure, disturbance mode shapes, frequencies, and amplification 
characteristics in the wake region.  Figure 8 illustrates the comparison involving mean velocity distribution across the 
wake and the mode shapes of mass-flux fluctuations at dominant frequencies.   
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Figure  8 (a),(c) Comparison of the measured and computed mean mass  flux at two streamwise stations 
in the wake of diamond roughness element. (b),(d) Comparison of the measured and suitably normalized r.m.s. 
mass flux at f = 120 kHz and the computed eigenfunction for even mode I at the same frequency (from Kegerise 
et al.56) 

De Tullio et al.53 extended the quasiparallel stability calculations of roughness wakes to include the nonparallel 
effects associated with streamwise gradients in the wake evolution.  The growth rate predictions based on the 
nonparallel stability analysis were in very good agreement with the results of direct numerical simulations.  In general, 
the modal topology remained unchanged with and without the nonparallel flow effects; however, differences in spatial 
growth rates of the order of ten to fifteen percent were shown to be possible.   

Roughness Elements with Symmetric Planforms (M ≈ 6) 
Wake instability computations for a diamond planform roughness element in a Mach 6 flat plat boundary layer 

were first reported by Choudhari et al.5 for two separate flow conditions representative of a wind tunnel experiment 
and high altitude flight, respectively.  At a fixed k/d ratio, the mean wake structure in both cases was qualitatively 
analogous to that discussed above in the Mach 3.5 case.  However, the higher Mach number wakes revealed a richer 
variety of unstable mode shapes with concentrated velocity fluctuations within different localized subregions within 
the wake cross-section.  Not surprisingly, the peak unsteady fluctuations were found in regions of high basic state 
shear, ranging from the top of the mushroom shaped structure in the base flow velocity contours to those concentrated 
on the side of the mushroom. Unlike their previously computed Mach 3.5 case30 with nearly same values of k/d  ≈ 
0.55 and roughness height Reynolds number Rekk of nearly 550, as well as the same roughness half width to height 
ratio of w/k ≈ 2.35, the odd modes of wake instability were significantly more unstable than the even modes of 
instability in both of the Mach 6 cases, corresponding to tunnel-relevant (M6T) and flight-relevant (M6F) flow 
conditions, respectively.   

For the even modes corresponding to the peak growth rate at an intermediate station within the wake ((x-xr)/k » 
92), the highest streamwise velocity fluctuations are concentrated on either side of the mushroom structure in the base 
flow velocity contours, where the spanwise shear (du/dz) associated with the basic state is large.  In Fig. 9(a), these 
modes are referred to as the S modes (short form for the side region).  The PDE based instability analysis also revealed 
an additional unstable mode at higher frequencies, whose peak fluctuations are concentrated outside the main 
mushroom, i.e., within the region of relatively unperturbed mean flow in the exterior region.  This mode was referred 
to as the outer (O) mode or, equivalently, a boundary layer mode as opposed to the S modes, which are concentrated 
within the wake of the roughness element and, therefore, may be grouped under the general classification of “wake” 
modes.  On the other hand, the outer mode is related to the second mode instability of the unperturbed boundary layer 
flow. 

The analysis in Ref. [5] also indicated a clear separation between the frequencies of the wake modes and the outer 
mode within the early part of wake development ((x-xr)/k < 50).  However, at farther downstream wake locations ((x-
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xr)/k ≈ 92, 399), the frequency range of the wake modes had become broader and extended to significantly higher 
frequencies than those at the first station.  Simultaneously, the frequencies of the outer mode decreased with 
downstream distance as a result of the thickening of the unperturbed boundary layer.  These trends led to an overlap 
between the frequencies of the wake modes and the outer mode, resulting in hybrid modes with significant fluctuations 
in both the inner (wake) region and the outer region at the latter two stations.  Figures 9 and 10 illustrate some of the 
mode shapes observed for even and odd mode instabilities, respectively, in case M6T. 

(a) Mode S (b) Mode CS (c) Mode SI 

Figure 9. Normalized mode shapes for streamwise velocity fluctuation associated with even modes corresponding 
to peak growth frequency at x = 0.575m ((x-xr)/k » 92) in case M6T. White lines in each plot indicate 
the contours of basic state u-velocity distribution. 

(a) Mode SI   (b) Mode S (c) Mode C 

Figure 10.  Normalized mode shapes for streamwise velocity fluctuation associated with odd modes 
corresponding to peak growth frequency at x = 0.575m ((x-xr)/k » 92) in case M6T. 

The measurements of Wheaton and Schneider57 included measurements for the post-critical range of heights for a 
circular planorm roughness element mounted along the nozzle wall of the BAMQT low disturbance facility at Purdue 
University.  Even though detailed measurements of the wake similar to Kegerise et al.56 were not possible at the higher 
Mach number of 5.95, unsteady surface pressure measurements were obtained at several locations along the wake 
centerline as well as away from it.  Wake instability computations for selected configurations from this experiment 
were performed by Choudhari et al.63  Figure 11(a), which is based on their computations, indicates that the peak N-
factor for the even modes of wake instability, reaches a value in excess of 9 near the end of the measurement region 
at x = 3.0 m.   The peak N-factor for the odd modes is marginally smaller at approximately 8.5.  Surface pressure 
spectra measured by Wheaton and Schneider57 along the centerline of the wake are shown in Fig. 11(c).  The centerline 
transducer is only sensitive to the even mode fluctuations and shows a peak near a frequency of 30 kHz from a 
normalized wake distance of 46.3 (i.e., x = 2.2 m) to 76.1 (i.e., x = 2.38 m).  This peak frequency is close to the peak 
of the predicted N-factor spectra for even modes (f ≈ 27.5 kHz) in Fig. 11(a).  Furthermore, the peak spectral density 
of surface pressure fluctuation increases nearly 80 times across the two locations mentioned above.  This amplitude 
growth amounts to an average growth rate of approximately 12 m-1, which is within 15 percent of the corresponding 
growth rate from the computations.  Even though the frequency range of wake instabilities overlaps with that of second 
mode instabilities of the unperturbed boundary layer, the former tend to amplify over much longer distances (see Fig. 
11(a)) as against the typically short amplification regions for second mode waves.  Consequently, the wake instabilities 
can achieve significantly larger peak N-factors, and hence, induce transition even when the second mode waves do 
not possess the amplification potential required for transition. 
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 (a)  Even modes. (b)  Odd modes. (c)  Surface pressure fluctuations 
measured in experiment.37  The 
normalized distance x/D is measured 
downstream of the roughness 
element as against from the nozzle 
throat as in this paper. 

Figure 11.  Frequency spectra of N-factors at selected streamwise locations for a cylindrical roughness element 
of height 3.3 mm (k/d  » 0.43) at the conditions of the Wheaton and Schneider experiment57 
(stagnation pressure of 6.067´106 Pa, i.e., 88 psi, and stagnation temperature of 424 deg K (k = 3.30 
mm).  The numerals attached to each curve in parts (a) and (b) indicate the x location in meters. 

The findings of Choudhari et al.63 also indicate that the nature of the dominant wake mode in any given case depends 
on the roughness element geometry and the specific flow conditions.  Recall that the previously discussed 
computations5 for a somewhat taller and broader roughness element at different flow conditions had found higher N-
factor values for the odd (i.e., antisymmetric) wake modes.  

Roughness Elements with Asymmetric Planforms (M = 3.5) 
Spanwise asymmetry of the roughness shape modifies both the nearfield and the structure of the wake behind the 

roughness element.  In-flight transition measurements were carried out with space shuttle Discovery as part of 
Boundary Layer Transition (BLT) Detailed Test Objective (DTO) for flights STS-119 and STS-128.48,84  For STS-
119, a specially designed tile with a 0.25 inch high bump was installed on Discovery’s bottom surface near the port 
main landing gear door, with the goal of obtaining transition data for a known shape of roughness element resembling 
a protruding gap filler.  For STS-128, a 0.35 inch trip was used to induce transition at an earlier point during the reentry 
trajectory.  To model the effects of an asymmetric trip shape in a simpler context, Choudhari et al.30 computed the 
stationary flow due to a rectangular fence mounted at 45 degrees with respect to the x-axis.  Similar to the large aspect 
ratio of the wider DTO trip, the width of the fence was set equal to 9 times the trip height of k = 0.015 inches.  The 
streamwise velocity contours at selected stations within the roughness element wake are shown in Fig. 12(a).  The 
contours of wall-shear distribution are plotted in Fig. 12(b).   
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 (a) Streamwise velocity contours at selected streamwise 
locations in roughness wake.  For reference, a typical 
streak structure associated with a symmetric diamond 
trip with the same height is also shown. 

 (b) Wall shear distribution visualized via 
streamwise velocity contours at a small fixed 
height (y = 0.0002 inches) above the plate surface.  

Figure 12.  Flow past a rectangular fence inclined at 45-deg with respect to flow direction.  Trip location and 
other flow conditions are same as the diamond trip from Fig. 7. 

Even though the trip shape itself is symmetric, its inclination with respect to the flow direction makes the wake 
flow highly asymmetric as seen in Fig 12(a).  The distribution of boundary layer thickness still exhibits a prominent 
streak corresponding to increased thickness.  However, its spanwise location is displaced relative to the center plane 
of the inclined fence and no longer has the mushroom-like shape observed earlier for the symmetric diamond trip. The 
shape of this streak now bears some resemblance to the axial velocity contours associated with a finite amplitude 
crossflow vortex in a three-dimensional boundary layer.  Furthermore, the surrounding pair of streaks corresponding 
to reduced boundary layer thickness involves a prominent asymmetry in terms of both the strength (i.e., reduction in 
boundary layer thickness) and the spanwise extent of both constituent streaks.  In particular, the streak on the z < 0 
side (i.e., corresponding to the leading edge of the inclined fence or, equivalently, the left hand side in the figure is 
considerably wider and deeper than its counterpart on the z > 0 side.  Numerical simulations of instability development 
in an asymmetric wake of this type have been presented by Groskopf and Keller.65 
 Kegerise et al.56 investigated the effects of roughness planform shape on the instability and transition 
characteristics. Four different roughness planform shapes were considered (a diamond, a circle, a right triangle, and 
an inclined fence roughness element that was oriented 45 degrees relative to the free stream), while the height and the 
width of the element were held fixed so that the nominal blockage due to the obstacle was the same in all cases.  The 
roughness Reynolds number was Rek = 462 and the ratio of the roughness height to the boundary layer thickness was 
approximately 0.48. Detailed flow-field surveys in the wake of each element were obtained by using hot-wire 
anemometry. High- and low-speed streaks were observed in the wake of each roughness geometry, and the modified 
mean flow associated with these streak structures was found to support a single dominant convective instability mode. 
For the symmetric planform shapes (the diamond and circular planforms), the instability characteristics (mode shapes, 
growth rates, and frequencies) were found to be similar. For the asymmetric planform shapes involving the right-
triangle and 45 deg fence planforms, the mode shapes were asymmetric as well, analogous to the secondary 
instabilities of stationary crossflow vortices. 

The instability growth rates for the asymmetric planforms were lower than those for the symmetric planforms and 
therefore, transition onset was delayed relative to the symmetric planforms.  The measurements also showed that the 
instability amplification behind roughness elements with asymmetric planforms was weaker than that behind 
symmetric planform shapes (namely, diamond and circle) with the same height and frontal width.  Hence, the onset 
of transition was delayed in the asymmetric cases as seen from Fig. 13.  On the other hand, the stability and transition 
characteristics for the two symmetric elements were found to be very close to each other, suggesting that the exact 
shape of the symmetric planform may be somewhat secondary in the transition process.  Despite some differences in 
the peak disturbance frequency and the associated amplification ratio, the stability analysis by Choudhari et al.63 
confirmed that the wake flow behind the right-triangle roughness element was significantly less unstable in 
comparison with that behind a diamond shaped roughness element with the same height and spanwise width.   

x = 5.6” in the wake  
behind diamond trip 

Inclined fence 

x = 9.1”

 5.8”

 3.9”

 2.5”
2.0”
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Figure 13.  Streamwise evolution of peak r.m.s. mass  flux  fluctuations (scaled by mean mass flux in local 
free stream) in the wake of each roughness shape tested in a Mach 3.5 quiet tunnel experiment.56  Data are 

shown for the most amplied frequency in each case (from Kegerise et al.56). 

C. Blunt Body Configurations 
Because of the strongly favorable pressure gradient over blunt nose tips and spherical segment capsule 

configurations, the smooth surface boundary layer flows over those configurations do not support any modal 
instabilities in the Reynolds number range of practical applications.  On the other hand, blunt sphere cone 
configurations may include a short region of adverse pressure gradient that enables the boundary layer to support 
Tollmien-Schlichting instabilities as shown by Chang et al.82  The latter showed that, at a smaller cone half angle of 
50 degrees, the sphere cone configuration can also support crossflow instability with modest N-factors.  The measured 
transition locations on candidate configurations for Mars Science Laboratory correlated with relatively low N-factors 
of 4 to 5, which seems reasonable because of the conventional, i.e., noisy nature of the facility involved.  However, 
the chances of natural, in flight transition on nominally smooth, blunt configurations seems unlikely, unless the 
amplification factors increase nearly two-fold to become consistent with the typical N-factor values correlating with 
in-flight transition.  Thus, if transition occurs on a vehicle, then surface roughness is likely to have played an important 
role in its onset. 

Reda et al.32 obtained ballistic range measurements of boundary layer tripping on titanium hemispheres due to 
circular planform roughness elements mounted between the stagnation point and the sonic location at a flight Mach 
number of 10.  At a given flow condition, each trip was designated as effective in influencing transition if the measured 
surface temperature remained above the laminar levels well beyond the sonic location.  This criterion does not provide 
any information about the exact transition onset location, but merely indicates if the boundary layer was likely to have 
transitioned somewhere over the hemisphere surface.  The critical Rekk parameter for trajectories flown in CO2 was 
found to be 1.3 times lower than the critical value of Rekk = 800 in air.  Since the Martian atmosphere is predominantly 
CO2, this finding is relevant to Mars entry missions. 

Numerical simulations by Chang et al.37 have shown that a protuberance with k/d = 0.73 on a spherical segment 
capsule, namely, a scaled model of the Crew Entry Vehicle (CEV), can lead to strong wake instability and spontaneous 
vortex shedding while a cavity with identical geometry only causes rather weak flow unsteadiness (Figs. 14 and 15). 
However, when the Reynolds number is increased, then same cavity can also lead to vortex shedding and a strong 
wake instability. Overall, the wake development in the simulations of Chang et al.37 was found to be qualitatively 
similar to that observed for an isolated hemisphere underneath a subsonic, low speed flat-plate boundary layer.  
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Figure 14. Comparison of surface limiting streamlines and surface heating patterns for protuberance and 
cavity based on the computations of Chang et al.;37 top plots are for protuberance and bottom ones for cavity: 
(a) surface limiting streamline pattern (b) normalized wall temperature gradient (proportional to surface 
heating)  

Figure 15. Comparison of instantaneous vorticity contours at the symmetry plane for protuberance and cavity37 
(a) protuberance (b) cavity 

Theiss et al.69 have examined the stationary wake structure as well as its instability characteristics and their 
computations suggest that the distances over which the streak structures persist over a blunt body are shorter than 
those over boundary layer flows with a weaker pressure gradient.  As a result of this, the maximum N-factors 
associated with the amplification of wake instabilities were found to be marginal for transition in a benign disturbance 
environment.  Transient growth computations by Paredes et al.83 suggest that the damping effect of favorable pressure 
gradient may be a generic feature of stationary streak development.  

(a) (b) 
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D. Empirical Prediction 
In the absence of large, discrete roughness elements, transition over the shuttle surface was believed to be caused 

by the background surface roughness associated with steps and gaps between TPS tiles, resulting in transition after 
the vehicle had slowed to a Mach number of 8 or less.84, 85  However, a substantially earlier transition at a Mach 
number of 18 had been noted during the STS-28 and STS-73 flights86,87 and An et al.85 have estimated that transition 
also occurred at a Mach number of 12 or higher during about approximately 10% of the total number of flights.  As 
discussed by Berry et al.,88 the Shuttle program required an easy-to-use prediction methodology to support mission 
operation decisions, to allow rapid on-orbit inspection and assessment of TPS damage sites.  Due to the complexity 
of the problem and the lack of reliable, physics-based tools to predict transition on the basis of limited input data 
concerning roughness geometry, an empirical methodology based on boundary layer parameters associated with the 
smooth surface boundary layer was implemented for the final 22 flights of the program. This methodology was based 
on both wind tunnel experiments and historical flight data.  Transition prediction based on this methodology led to an 
extra-vehicular activity (EVA) by astronaut Robinson during STS-114 to remove two large gap filler protrusions in 
order to eliminate the risk of early transition.   

Version 1 of the transition prediction tool developed prior to the first shuttle return to flight  mission (STS-114) 
and was derived from the existing flight data, new ground tests, and a consistent numerical methodology to evaluate 
the boundary layer parameters required for empirical transition prediction.90,91 As described by Berry et al.,89 Version 
2 was of that tool was developed on the basis of additional wind tunnel measurements and it utilized multiple 
correlations to predict transition due to specified roughness dimensions at any given surface location.  However, to 
address the persistent, large uncertainty in transition prediction at large Mach numbers (such as that highlighted by 
the EVA on STS-114), an experimental campaign based on in-flight measurements of shuttle boundary layer transition 
due to artificial boundary layer trips was undertaken.  A wing mounted protuberance with a fixed shape and increasing 
height of 0.25 inches during the initial flights, increasing upto 0.50 inches during the final flights, was employed to 
gather transition data from Mach 15 to Mach 19.5.  This unique flight campaign led to two major findings, namely, 
that tripping due to discrete roughness can occur at nonequilibrium conditions (Mach 19.5, k = 0.5 in) and that ground 
to flight extrapolation remains an important issue for roughness-induced transition.  As mentioned in the introduction, 
the latter finding was also established by Casper et al.4 via a comparison of transition data between conventional and 
quiet modes of wind tunnel operation, in turn highlighting the significance of convective instability mechanisms as 
discussed in this section. 

III. Discrete Roughness Elements: Near-effective to Effective Regime
In this section, we consider discrete roughness elements with a larger peak height than those considered in Section 

II, such that the onset of laminar breakdown shifts closer to the roughness location and the resulting transition front 
moves relatively slowly as the roughness height parameter (or, equivalently, the unit Reynolds number at a fixed 
roughness height and location) is varied. This regime of nearly effective to fully effective roughness heights has been 
the topic of a number of computational studies, starting with Chang et al.28  For the conditions of those studies, the 
pertinent range of roughness heights appears to involve roughness elements whose crests approach the edge of the 
unperturbed boundary layer or extend beyond it.   In general, however, one expects that the ratio k/d  for effective 
roughness elements  would vary as a function of the flow configuration, roughness shape, and the unit Reynolds 
number.   

  Chang et al.28 reported computational simulations related to the effects of a cylindrical roughness element on 
boundary layer transition for roughness heights of k/d = 0.8–2.5.  The flow conditions modeled the experiments by 
Danehy et al.,25 who had used NO PLIF flow visualization to reveal the onset of unsteady flow structures behind these 
trips.  The roughness element with a fixed diameter of 4 mm and k = 2 mm was mounted on a flat plate in a freestrem 
at a Mach number of 9.65.  Similar to the experiment, the inclination angle of the plate and the flow stagnation pressure 
was varied independently to alter the effectiveness of the roughness element in inducing transition.  Plate inclinations 
of 10 deg and 20 deg resulted in post-shock Mach numbers of 6.52 and 4.16, respectively. 

Selected features of the flow in the vicinity of the roughness element are shown in Fig. 16 for the lower roughness 
height of k/d = 0.8.  The approaching boundary layer flow separates in front of the cylindrical roughness and a roll-up 
of the separated shear layer within the symmetry plane leads to the formation of multiple horse-shoe vortices as seen 
from both the limiting surface streamlines and the contours of normalized temperature gradient at the surface.    
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 (a) Surface limiting streamline patterns and vorticity 
magnitude contours at the exit plane. 

(b) Normalized surface temperature gradient 
distribution. 

Figure 16.  Flow visualization for  cylindrical roughness element with k/d = 0.8  (from Chang et al.28). 

As seen from Figs. 16 and 17(a), the wake flow is characterized by a mushroom-shaped centerline streak and horse-
shoe vortices. While time-accurate solutions converged to a steady-state for the shorter roughness element with k/d = 
0.8 (Fig. 16), strong flow unsteadiness was observed at the larger heights of k/d = 1.3 and 2.5.  The dominant unstable 
perturbations within the centerline streak and the horse-shoe vortices behind the roughness element marked by distinct 
disturbance frequencies and the horse-shoe vortices eventually reached an earlier breakdown for the largest roughness 
height.  Planar stability analysis analogous to that in Section II revealed the presence of multiple unstable eigenmodes 
concentrated in separate parts of the wake structure as seen from the mode shapes in Figs. 17(b)–(c).  More 
importantly, perhaps, spectral analysis of unsteady perturbations at multiple spatial locations near the roughness 
element indicated a dominant tone near 40 kHz with highly localized peaks in rms amplitude distribution within the 
region of upstream flow separation.  Based on the combination of a sharp tone in the disturbance spectra and the 
upstream locations of peak disturbance amplitude, the source of the unsteadiness and instability waves within the 
wake region was traced back to an absolute instability in the front-side separation region. Chang et al.28 also suggested 
that the coupling with disturbance amplification within the wake region could determine the disturbance amplification 
within the wake region, and hence, the location of transition onset behind the roughness element. 

(a) Streamwise velocity 
contours, showing wake streak 
and the horse-shoe vortex. 

(b) Temperature 
eigenfunctions for modes 1 
and 2 of the centerline 
streak.                       

(c) Temperature eigenfunctions at two 
selected frequencies for the antisymmetric 
instability mode of the horseshoe vortex. 

Figure 17.  Wake instabilities at at x = 40 behind the cylindrical roughness element with k/d = 1.3 (from 
Chang et al.28). 
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The character of the self-sustained unsteadiness due to 3D, effective roughness elements in a high-speed boundary 
layer is rather different from the spontaneous instability associated with a 2D, rectangular roughness element in a low-
speed boundary layer.  A stronger instability process  in the latter case leads to immediate vortex shedding at the 
roughness site, whereas the 3D computations by Chang et al. exhibited a region of rapid disturbance decay following 
the generation of large disturbances in the upstream separated region, and hence, no immediate vortex shedding was 
evident within the nearfield of the cylinder. The more benign evolution of the disturbance field in the high-speed case 
was attributed to the strong favorable pressure gradient associated with the supersonic expansion after the flow passes 
over the top edge of the cylinder surface or beyond the center of the roughness element from the sides of the cylinder. 

Follow-on computations by Chang et al.37 revealed the existence of a similar absolute instability for a cylindrical 
roughness element with k/d  = 1.1 for the conditions of a Mach 6 quiet tunnel experiment by Wheaton and Schneider.29  
Computations by Bartkowicz et al.31 and Subbareddy et al.59 for the same experiment revealed similar mean-flow 
features as those in the simulations by Chang et al.28 for the experiment  by Danehy et al.25  These features included 
the upstream shock system, the horseshoe vortices formed in the upstream separated boundary layer, and the shear 
layer that bounds the region of flow separation just behind the roughness element. More important, the simulations by 
Subbareddy et al. provided independent support for the existence of a global mode of instability at k/d > 1 for a rather 
different flow configuration (nozzle wall as against flat plate), at a lower Mach number (Mach 6 versus Mach 9.65) 
and a different type of facility (quiet tunnel as against conventional facility). 

Finally, the computational findings of Iyer and Mahesh52 are also qualitatively consistent with the above discussion 
of flowfield characteristics as well as the breakdown of unsteady structures within the laminar wake. In addition, the 
results of Iyer and Mahesh have provided very useful insights into the formation of the horse-shoe vortex system in a 
high-speed boundary layer.  Avallone et al.58 used infrared thermography to study transition due to circular and 
diamond planform roughness elements with k/d  = 0.5–0.9 underneath a zero pressure gradient boundary layer with 
edge Mach number of 6.48.  Using the Stanton number distribution along the surface, they were able to infer the vortex 
structure across the wake under various conditions of interest.  Those measurements, together with tomographic PIV 
data, have provided additional support for the computational finding concerning the presence of multiple vortex 
structures within the horse-shoe vortex system at sufficiently large roughness heights. 

IV. Surface Roughness as Catalyst for Receptivity and Scattering of Instability Waves
In this section, the role of surface roughness as a catalyst for the excitation of instability waves as well as for the 

scattering of unstable disturbances in the approaching boundary layer is investigated.  We begin by considering the 
post-critical roughness elements from Section II, which can support streak instabilities within the wake region and 
study their interaction with unsteady perturbations in the upstream boundary layer, which would typically correspond 
to the forced signature of freestream disturbances. Unsteady perturbations within the upstream boundary layer may 
also include instability waves and their interaction with the roughness elements is considered in subsection IV.B. 
Finally, surface roughness may also act as a direct source of stationary vortex instabilities such as Görtler vortices and 
stationary crossflow modes, as described in subsections IV.C and IV.D, respectively. 

A.   Interaction with Upstream Unseadiness: Excitation of Wake Instabilities 
The results in Section II showed that the streak instabilities in the wake of discrete roughness elements can achieve 

rather large amplification factors that are greater than the N-factor values that typically correlate with transition in 
high-speed boundary layers over a smooth surface, whether in conventional (i.e., noisy) high-speed facilities or in the 
benign disturbance environment of high altitude flight.  Direct numerical simulations by Choudhari et al.30 have shown 
that the wake instability modes can be excited via roughness-induced scattering of an arbitrary disturbance field in the 
boundary layer flow ahead of the roughness element.  To investigate the generation of even mode instabilities, they 
introduced unsteady erturbations via two-dimensional (i.e., spanwise invariant), single-frequency forcing over a 
localized region of the surface.  The frequency of this time harmonic forcing (f =  200 kHz) was selected from the 
frequency range of the most amplified even mode disturbances for a smooth diamond configuration.  Figures 18(a) 
and 18(b) show the visualization of the unsteady flow field within the plane of symmetry passing through the center 
of the trip, and a transverse plane corresponding to constant streamwise location, respectively.  Analogous to the 
findings of Marxen et al.,35 the simulation results from Fig. 18(b) confirm the emergence of rapidly amplifying 
instability modes within the roughness wake.  At increased amplitudes, these instabilities become nonlinear and 
exhibit rather intricate flow structures (Fig. 18(c)).
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(a) Instantaneous streamwise 
velocity contours within 
roughness plane of symmetry. 

(b) Root-mean-
square streamwise 
velocity fluctuation 
at a representative 
streamwise location 
within roughness 
wake (flood 
contours) and 
contours of mean 
streamwise velocity 
(white lines) 
indicating streak 
shape. For brevity, 
only one half of the 
spanwise domain is 
shown.        

(c) Isosurface of instantaneous streamwise 
velocity (u/U = 0.85): Top view and perspective 
view of selected regions of the flow field 
(contour legend same as part (b)). 

Figure 18.  Unsteady wake disturbances excited by 2D forcing upstream of the roughness element. 

The above results demonstarte that the disturbance dynamics in the vicinity of the roughness element, which was 
neglected during the wake instability analysis in Section II, accounts for the spatial tuning of a portion of the incoming 
unsteady disturbance field to the unstable eigenmode(s) of the wake flow.  In this manner, the roughness element 
alone provides sufficient ingredients for the receptivity, linear growth, and nonlinear breakdown processes required 
for transition. The role of surface roughness in generating the wake instabilities has also been confirmed by the 
numerical simulations of Balakumar and Kegerise68 and De Tullio and Sandham64 at Mach numbers of 3.5 and 6, 
respectively, and for a different form of upstream forcing in the form of acoustic waves.     

B.  Interaction with Instability Modes in Approaching Boundary Layer 
As noted by Choudhari et al.,5 the roughness wake instabilities weaken considerably when the roughness height 

parameter is reduced. If the wake modes cannot achieve sufficiently large amplification factors, they cannot lead to 
transition on their own and, hence, an alternate explanation must be sought for the upstream movement in transition 
at the smaller (i.e., barely post-critical) roughness heights.  This problem is best approached from the zero roughness 
limit, when the onset of transition would be caused by the instability modes of the unperturbed boundary layer flow, 
e.g., first mode instabilities in the case of a Mach 3.5 boundary layer.  Direct numerical simulations were performed
to investigate the effect of roughness induced mean flow modification on the growth of first mode perturbations in the 
approaching boundary layer.   
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both ahead of and behind the start of the concave region, respectively.  Diameter of the roughness elements was chosen 
to be one-half the azimuthal disturbance wavelength at the axial location of the roughness (x = 10 inches).  Regardless 
of the axial location of the roughness array, the amplitude of the resulting disturbance first decreased over a significant 
distance (>1 inch) before beginning to amplify as a result of the centrifugal instability (Fig. 20(a)).  The distance 
required for the unstable Görtler vortex to manifest itself above the nearfield disturbance field due to the roughness 
array was the longest for the case of the roughness array that was placed the farthest upstream.  One may also note 
that the amplitude growth curve behind the upstream roughness array does not become parallel to the amplitude curves 
in the other two cases for a finite distance after the onset of disturbance growth, indicating that the nonmodal character 
of Görtler instabilities at finite Görtler numbers. 

The eigenmode behavior appears to be fully established by x = 14 inches and the local mode shapes predicted by 
parabolized stability equations (PSE) agreed well with the DNS results (Fig. 20(b)), indicating that any higher modes 
of Görtler instability generated by the roughness made a negligible contribution to the disturbance field in the 
downstream region. A comparison of the disturbance amplitudes for the three different roughness array locations 
shows that, in this particular case, the most effective receptivity was produced by the roughness array near the 
beginning of the concave region. For a roughness height of 1 micron (compared with a boundary layer thickness of 
1.5 mm), the peak vortex-induced perturbation near the downstream end of the cone was predicted to be rather weak 
at only about 0.01 percent of the free-stream velocity. However, Jiang et al.90 suggested that multiple roughness arrays 
and/or an array of streamwise elongated roughness elements (in contrast to the unit-aspect-ratio circular planform 
assumed herein) could be be more effective in exciting relatively stronger Görtler vortices. 

 (a)  Variation of vortex amplitude as function of 
roughness location. 

 (b)  Mode shape comparison between PSE and DNS 
at an axial location of 14 inches for a roughness array 
loacted at 10 inches.  

Figure 20.  Excitation of Gortler mode on Mach 5.94 flared cone (from Jiang et al.93). 

D. Roughness-Induced Excitation of Crossflow Vortex Instabilities 
Direct numerical simulations by Jiang et al.90 had shown that surface roughness can excite crossflow instabilities 

in an infinite-span, 3D, high-speed boundary layer. Balakumar94 and Balakumar and Owens95 have investigated the 
excitation of stationary crossflow vortices due to azimuthally periodic roughness arrays in the 3D boundary layers 
over yawed cones at Mach 3.5 and Mach 6, respectively.  Scheule et al.96 demonstrated a successful application of 
using a roughness array at subcritical azimuthal spacing (n = 68) for controlling crossflow transition over a yawed 
cone in Mach 3.5 freestream within the NASA Langley Supersonic Low Disturbance Facility.  Recent simulations by 
Li et al.97 and Choudhari et al.98 examine the crossflow vortices excited via different forms of surface roughness 
including both periodic and compact azimuthal distributions of surface height variation.  Their results have shown that 
while the amplitude distribution within the crossflow vortex pattern generated by these roughness distributions can be 
sensitive to the details of the source distribution, the paths of the crossflow vortices generated within the azimuthally 
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inhomogeneous (i.e., fully 3D) boundary layer over the yawed cone can be relatively robust in nature, being releatively 
insensitive to the geometric details of the roughness distribution. Gronvall et al.99 have reported DNS of crossflow 
instabilities generated by a stochastic roughness distribution and their findings indicate that the broadband forcing 
leads to crossflow vortex patterns that are dominated by azimuthal wavenumbers between 35 to 50, which agrees with 
the linear stability predictions for this configuration.  

Dinzel and Candler100 have studied the evolution of stationary crossflow vortices generated by quasi-random 
surface roughness over the surface of the HIFiRE-5 elliptic cone. Roughness heights of 0.5–4.0 µm were used to 
mimic the natural development of crossflow vortex instabilities. An interesting observation from these computations 
was the phenomenon of coalescence between two adjacent crossflow vortices, apparently caused by the swallowing 
of a weaker vortex by an adjacent stronger vortex that is closer to the minor axis of the elliptic cone.  Such coalescence 
is likely to occur only when the amplitude of the stronger vortex is sufficiently high, i.e., it seems to be an artifact of 
nonlinear interaction between the two adjacent vortices. 

E. Other Roles of Surface Roughness 
We note that surface roughness is known to play an important role in the excitation of T-S waves in low-speed 

flows via the scattering of incident freestream disturbances.  Under limited circumstances, that role may be relevant 
to transition over blunt-nosed hypersonic vehicles where the boundary layer remains subsonic over a significant 
distance.  The problem of roughness elements in a supersonic flat plate boundary layer and their interaction with free-
stream acoustic disturbances has been simulated by Balakumar.101  In cases where the edge Mach number is 
predominantly supersonic or hypersonic, there exist other receptivity mechanisms that allow the freestream 
disturbances to directly excite the relevant modes of instability as described by Fedorov and Khokhlov.102  Thus, even 
though roughness can participate in the receptivity process involving first mode and second mode waves, its role in 
that process may be secondary.   

Thus far, we have only discussed the role of roughness during the receptivity and linear development of instability 
waves.  However, roughness induced streaks may also play a role during the nonlinear phase of transition due to both 
first mode and second mode instabilities.   Oblique mode breakdown of first mode waves involves the excitation of 
stationary, streamwise elongated vortex structures that are excited via nonlinear interactions between oblique first 
mode waves.  These stationary disturbances play an important role during the rapid growth of fluctuations that leads 
to the onset of the transition, and therefore, the manipulation of those structures (via roughness-induced streaks, for 
example) could shift the transition location as discussed by Mayer et al.103  In a similar way, the streamwise elongated, 
stationary vortex structures are an integral part of the fundamental secondary instability of second mode waves in 
hypersonic boundary layers.  Therefore, roughness induced streamwise streaks with the relevant range of spanwise 
(or azimuthal) scales can influence the linear and nonlinear development of the secondary instability modes.     

Finally, an interesting concept for artificial tripping of supersonic boundary layers was considered in the 2D 
numerical simulations by Tu et al.104  Even though the practical merit of this concept remains to be determined, the 
concept merits a mention because of the underlying role of 2D roughness elements as scattering agents for the 
incoming instability waves.  The scattering phenomenon plays a crucial role in inducing a resonant, feedback 
instability in conjunction with another upstream source (a circular cylinder in their particular study) that can support 
self-sustained vortex shedding.  Tu et al. proposed that, with a suitable choice of geometric parameters, the 
combination of the vortex shedding source and the scattering 2D roughness could yield a more efficient tripping 
mechanism than purely passive roughness elements.  

V.   Surface Roughness and Transient Growth 
To examine the possible role of transient growth in the evolution of wake disturbances over the Hyper-X model 

discussed in Section II, Choudhari et al.20 examined the streamwise evolution of profile-integrated (modal) kinetic 
energy En for the Fourier modes with spanwise wavelengths of l = d/n for n=1−3 (Fig. 21).  For the 0.060 inch trip 
height considered in this figure, each Fourier mode displays a slight growth in energy just behind the trip array and a 
larger but still modest growth behind the compression corner.  The progressive increase in energy growth rate in the 
downstream region as a function of the harmonic index n suggests that the growth of higher Fourier modes near the 
compression corner is primarily driven by the nonlinear interaction between the lower wavenumber components.  
Transient growth is typically caused by a lift up process associated with the emergence of a streamwise streak from 
an initial disturbance in the form of a streamwise vortex. Since the streak is already well established just ahead of the 
compression corner, it is reasonable to assume that the larger growth in that region is associated with the destabilizing 
effect of concave streamlines near the compression ramp.  Any lift up process must then be confined to the near wake 
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region immediately behind the roughness array and the effects of that must be rather weak, at least in this particular 
case involving ramp trips. 

Figure 21.  Streamwise evolution of modal energy in dominant  Fourier components of the wake 
disturbance behind ramp trips over the Hyper-X model. 

Research on roughness-induced transient growth at low speeds has established that the transient growth 
magnitudes are rather sensitive to the roughness geometry.  For roughness shapes such as cylindrical disks and vortex 
generators that may induce a stronger transient growth, the magnitude of transient growth is known to be a strongly 
nonlinear function of the roughness height.  Computations for a small amplitude, spanwise periodic array of 3D 
roughness elements in Mach 6 boundary layer were performed by Wang and Zhong.105 The small amplitude surface 
roughness was modeled by transferring the no-slip boundary conditions to the underlying flat surface via linear 
approximation.  The magnitude of the trabsient growth was small, which was attributed to the small heights used in 
the study.  Earlier computational studies of transient growth at low speeds106 had found that, even for relatively larger 
roughnes heights, the magnitude of transient growth in the energy norm was limited to only about a couple orders in 
magnitude, which is considerably less than the optimal, i.e., maximum possible energy growth over the spatial range 
of interest, and again that the magnitude of transient growth increases with the roughness height.  Computations by Li 
et al. at the NASA Langley Research Center (private communication, 2017) have led to similar findings for roughness 
element shapes in the form of vortex generators in high-speed boundary layers.  Thus, the existing body of work 
suggests that transient growth due to discrete roughness elements is likely to be suboptimal in nature for most 
roughness shapes and flow geometries, which raises questions regarding the practical relevance of traditional 
applications of optimal growth theory that are based on maximum energy growth starting from an optimum initial 
disturbance).  

VI. Distributed Surface Roughness
Naturally occurring surface nonuniformities, such as the roughness shapes induced by surface ablation, tend to be 

spatially distributed in nature.  Thus, one must investigate the effects of spatial proximity between different parts of 
the roughness distribution.  To that end, we first consider the simpler case of multiple, discrete roughness elements, 
where the downstream elements lie within the wake of upstream elements.  The more complex case involving densely 
packed roughness distribution with potentially heterogeneous mixture of roughness scales, sizes, and orientations is 
considered in subsection VI.B. 

A. Discrete Roughness Elements in the Wakes of Upstream Elements 
To study the interaction between multiple trips aligned with the flow direction within the simplest context, 

Choudhari et al.30 studied the flow past a pair of isolated, diamond shaped roughness elements of identical size and 
height (Fig. 22).  The frontal half-width of each trip was fixed at w = 0.90 mm while the streamwise spacing between 
the respective centers was d = 4.0 mm.  Figure 23 compares the streak amplitudes associated with the two elements 
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Chou and Kegerise74 extended the quiet tunnel measurements of Kegerise et al.56 to investigate the effect of 
multiple, circular planform roughness elements on the stationary streaks within the roughness wake as well as on the 
development of unsteady disturbances accompanying those streaks.  Their measurmeents are qualitatively consistent 
with the computational findings described above. Specifically, for an intermediate roughness height of k = 280 µm, 
which is large enough to excite strong streak instabilities in its wake, adding one or two other identical roughness 
elements at distances of 2 or 4 diameters behind the first element did not lead to a significant increase in streak 
amplitudes and the transition behavior including the amplification of unsteady disturbances within the wake remained 
nearly unchanged in the presence of the additional elements.  On the other hand, at a lower roughness height of k = 
140 µm, which is nearly subcritical to streak instabilities because of a significantly weaker wake disturbance, the 
addition of roughness elements at similar distances increased the peak streak amplitude by nearly 60 percent when the 
second roughness element was placed 4 diameters behind the first.  The increase in streak amplitude became smaller 
when the downstream element was moved within 2 diameters of the upstream element; however, adding a third 
element at the same distance behind the second element enabled the streak amplitudes to become comparable to those 
for a single downstream element at 4 diameters behind the first element.  However, because the resulting streak 
amplitudes behind the roughness elements in tandem were still rather modest, the unsteady measurements within the 
wake did not reveal any major differences in the disturbance amplitudes relative to the case of a single roughness 
element. 

B. Densely Packed Roughness Distributions 
Ablative heat shields are first exposed to high heating rates during the early phase of planetary reentry, when the 

Reynolds numbers are still low and the boundary layer flow is laminar. As discussed by Reda,107 laminar-flow ablation 
leads to the formation of a distributed microroughness pattern on the vehicle surface that is characteristic of both the 
TPS material and the TPS fabrication process.  As the vehicle descends through the atemosphere, the Reynolds number 
eventually becomes large enough for the distributed roughness to cause transition.   The discussion in the previous 
subsection has already shown how multiple roughness elements in tandem have the potential to yield a constructive 
reinforcement of streak amplitudes within the roughness wake, indicating that the critical height for transition onset 
due to an extended domain of surface roughness is likely to be lower than that for transition due to to a single, discrete 
roughness element.   

The sparse body of transition data for distributed, stochastic surface roughness is consistent with that postulate. 
Specifically, ballistic range measurements of hemispherical shapes14 indicate a critical roughness Reynolds number 
based on average roughness height of Rekk = 250 ± 20% in air (and a slightly lower value of 223 ± 25% for flights in 
CO2), in comparison with Rekk = 800 ± 20% for isolated roughness elements over the same body shapes.32  In a separate 
series of tests in the same facility, Reda et al.32 found that a very similar range of Rekk = 266 ± 20% was able to collapse 
the transition data for distributed surface roughness over the frusta of slightly blunted cones with smooth nosetips at 
a flight Mach number of 10.   

For hemispherical body shapes, Reda et al.,14 have shown that the Rekk distribution for surface roughness of uniform 
height has a peak near the sonic location at an azimuthal angle of approximately 39 degrees from the stagnation point. 
Consequently, as the unit Reynolds number (or the roughness height) is increased, the critical value of Rekk is first 
reached near the sonic point. Hence, transition onset first occurs near the sonic location and as the unit Reynolds 
number increases further at the lower altitudes, the transition onset location moves progressively forward from the 
sonic location toward the stagnation point, i.e., across the region of subsonic edge Mach numbers.  For transition due 
to frustum roughness over a small bluntness, smooth nosetip cone, the edge Mach number over the roughness region 
is supersonic and the Rekk parameter based on roughness height increases monotonically with distance along the cone 
frustum.  Hence, the critical value for transition onset is first reached near the end of the cone, and the location with 
critical Rekk gradually moves forward to the upstream boundary of the roughness region, i.e., in the vicinity of the 
juncture between the nosetip and the frustum.  

In the ballistic range experiments of Reda et al.,32 the frustum roughness over small bluntness cones was created 
by using bead-blasting technologies.  Achieving the desired roughness heights required the use of irregularly shaped, 
sharp edged abrasive particles such as aluminum oxide. Titanium nose tips were used at the lower freestream pressures 
(i.e., lower unit Reynolds  numbers); however, to avoid nosetip combustion at higher pressures, stainless steel nosetips 
were used to obtain transition data at the higher unit Reynolds numbers. The surface roughness consisted of a mixture 
of both short-scale fluctuations and larger-scale variations, and only the latter were used to characterize the roughness 
elements responsible for transition. The smaller roughness heights required for tripping at higher pressures allowed a 
dual blasting approach for the stainless steel models, which led to a more uniform roughness height distribution than 
that over the titanium models.  The variability in height distribution on the Titanium models was manifested in more 
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nonuniform transition fronts at lower unit Reynolds numbers, presumably because the overall transition front in those 
cases was an amalgamation of turbulent wedges from the largest individual roughness elements. 

For large bluntness cones, the effects of entropy layer swallowing exert a strong influence on boundary layer 
evolution over the nose tip as well as the frustum.  Furthermore, the Rekk distribution for uniform roughness height 
now decreases with downstream distance along the frustum.  As a result, Reda et al.54 suggested that the upstream 
edge of the frustum roughness may play an important role in initiating the transition process.  However, the initial 
onset of transition still occurred in the downstream region, with the transition location shifting progressively upstream 
as the roughness height or unit Reynolds number are increased. 

Hollis76 has reported an extensive set of measurements for transition due to distributed, spherical roughness 
particles over a hemispherical model in Mach 6 and Mach 10 facilities.  Based on a combination of the new data and 
various datasets from the literature, a new correlation was proposed that provides better agreement between ballistics 
range and wind tunnel data than previous correlations (Fig. 24(a)). His findings also suggest that a more accurate curve 
fit to the measured data can be obtained by considering the edge Mach number but without considering the curvature 
parameter. The discrepancies between flight transition data and the data from ground facilities are also highlighted in 
this work, indicating the need to develop physics-based prediction techniques that can account for those differences 
in a more rational manner.   

The only physics-based predictive model to resolve the “blunt body paradox” corresponds to the proposal by 
Reshotko and Tumin108 that transition occurs as a result of transient growth and that the broadband forcing due to the 
distributed surface roughness enables disturbance growth that is close to that predicted by the optimal growth theory 
that provides an upper bound on the disturbance growth over a specified spatial interval.  Often, the optimization 
problem is posed to determine the inflow disturbance profiles that would maximize the ratio of energy norms between 
outflow and inflow stations.  In a linear formulation of the optimal growth theory, the optimal growth factors over any 
given interval are determined as a function of the spanwise or azimuthal wavenumber and the peak value is taken as 
an upper bound on transient growth between the two stations.  Despite some questions regarding the realizability of 
this upper bound in a realistic disturbance environment, Reshotko and Tumin108 found that a transition criterion based 
on a critical disturbance amplitude resulting from the distributed surface roughness and the optimal growth theory 
could successfully correlate the available data for blunt nosetip transition.   

In recent work, Paredes et al.109 have questioned the validity of the simplified calculations underlying the Reshotko 
and Tumin correlation and provided an improved framework for the application of optimal growth theory for transition 
correlations for nonsimilar boundary layers over bunt bodies.  Their results indicate that the modified correlation is 
very close to the original form of Reshotko and Tumin,108 and hence, that the accuracy of the transient growth based 
transition criterion is not compromised by using a more thorough theoretical framework (Fig. 24(b)). Yet the 
computations by Paredes et al. also show that the optimal energy gain up to the predicted transition onset location can 
be rather small. Furthermore, since the improvements reflected in their optimal growth calculations still do not account 
for the important issue of realizability of optimal growth, there is still a need to understand the physics behind blunt 
body paradox and improve upon the available predictive models.    

(a) Transition correlation based on optimal   growth 
criterion. Improved empirical correlation by 
Hollis76  

(b) Transition correlation based on optimal growth 
criterion (Paredes et al.109). 

STO-EN-AVT-289 4 - 25 



Figure 24.   Comparison of wind tunnel and ballistic range data with transition correlations 

C. Multiple Wavelengths of 3D Surface Waviness 
A relatively simple distributed roughness configuration involving a deterministic and smooth surface height 

variations over a spatially extended region was considered in the computations of Muppidi et al.,48 who examined the 
effects of sinusoidal height variations comprised of a linear superposition of two waves that are inclined at equal but 
opposite angles with respect to the freestream direction.   Unlike the roughness from subsection VI.A involving 
multiple, discrete roughness elements at finite spacing, the roughness configuration from Ref. [48] may also be viewed 
as multiple spanwise arrays of smoothly shaped roughness elements that are staggered in the streamwise direction. At 
the primary flow conditions of M = 2.9, Re = 7.63´106/ft, k/d = 0.30 and lw/d = 3.375 at the beginning of the surface 
waviness, and Tw/Tad = 1, the computed flow became unsteady without any external forcing.  The fundamental 
wavelength of the surface height distribution had the same value in both streamwise and spanwise directions.  
Computations revealed that both skin friction and surface heat transfer began to rise rather rapidly just past the end of 
roughness, and reached their respective peak values at a distance of approximately 10lw downstream of the aft end of 
the roughness strip.  Flow above the roughness region was characterized by the presence of both a shear layer with 
strong velocity gradients at a finite height above the wavy surface and a spanwise periodic array of streamwise vortices 
that developed below the shear layer.  Analysis of the computed data also showed that the spatial variations in the 
wall-normal velocity gave rise to streamwise vorticity that gained in strength with distance along the roughness strip, 
and also induced streamwise streaks of alternating high and low velocity.  Muppidi et al. argued that the streamwise 
vortices were a critical part of the transition mechanism in this case and that it was the interaction between these 
vortices and the shear layer that initiated the laminar breakdown in the flow.   

At NASA Langley, we have analyzed the effects of similar waviness on a circular cone with 7 deg half angle for 
flow conditions corresponding to the trajectory point of t = 21.5 seconds during the ascent portion of the HIFiRE-1 
flight experiment,110 except that the length of the roughness strip was slightly longer, and in addition, incorporated 
smooth tapers on the amplitude envelope at both upstream and downstream ends of the roughness region. Smooth 
surface transition at this trajectory point was previously analyzed by Li et al.111 The subsequent computations 
involving the surface waviness have shown that the stationary flow perturbations over the roughness region are nearly 
sinusoidal at relatively low roughness heights. However, at a moderately large height of  k/d ≈ 0.2 (where d againt 
denotes the roughness height near the start of the surface waviness), the disturbance field becomes distinctly nonlinear.  
The formation of the streamwise streaks and their progressive strengthening along the length of the roughness region, 
as first observed by Muppidi et al.,48 has also been noted in this higher Mach nuber case.  

  The different parts of Fig. 25 indicate the computed flow features at a larger height of k/d ≈ 0.25, including an 
isosurface at an infinitesimally positive value of the u-velocity component (indicating the boundary of the reversed 
flow region), crossplane contours of streamwise velocity at a streamwise interval of unit wavelength, and u-velocity 
contours within a selected x-y plane. Although not shown, the streak amplitudes were found to increase rather rapidly 
with increasing height perturbation, similar to that for the case of isolated roughness elements as mentioned previously. 
The isosurface of u-velocity component indicates a sequence of narrow, finite-length sawtooth like structures (or 
ridges) that are aligned in the streamwise direction and, hence, cause the higher velocity fluid to go around these 
ridges, giving rise to the observed streaks in the flow over the rough region.  The intensification of streaks over the 
roughness region, coupled with a decay in streak amplitudes behind the roughness strip, suggests that the boundary 
layer is likely to support a strong disturbance growth even within the region of waviness as against primarily in the 
wake region for the discrete, isolated roughness elements from Section II. 
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(a) Close-up view of the aft portion of roughness region without (left image) and with (right image) 
streamwise velocity contours in x-z and y-z planes.  

(b) Larger field of view including the entire region of roughness. 
Figure 25.  Stationary flow above the region of distributed roughness comprised of multiple wavelengths of 

3D surface waviness (HIFiRE-1 flight configuration at t = 21.5 sec, k/d ≈ 0.25). The blue surface 
indicates the boundary of the reversed flow region, and the plot also includes crossplane contours 
of streamwise velocity at a streamwise interval of unit wavelength and u-velocity contours within 
a selected x-y plane. 

STO-EN-AVT-289 4 - 27 



VII. Surface Roughness and Transition Delay
While the presence of surface roughness often leads to an upstream shift in transition, it may at times lead to a 

delayed onset of transition.  Earlier measurements by James112 had indicated that transition over hollow-tube models 
in free flight at M = 2.8–7 was delayed for an optimum height of screw-thread type two-dimensional roughness. 
Sterrett and Holloway113 performed wind tunnel measurements on a flat plate model with a spanwise array of spherical 
roughness elements.  The mounting angle of the plate was varied to obtain transition data at several values of boundary-
layer-edge Mach number.  The measurements showed that, for the smallest height roughness elements, transition was 
delayed at edge Mach numbers of greater than 3.7, suggesting a potentially differential effect of the roughness 
elements on first mode and second mode instabilities.  For larger roughness elements, transition generally moved 
upstream, consistent with the onset of instability mechanisms as described previously in Sections II and III. The 
finding that both 2D and 3D surface roughness can delay transition in high-speed boundary layers has been 
corroborated in the course of recent research, which has provided both a physical explanation for the observed 
suppression of instability wave growth and the knowledge base required to use this finding toward potential control 
of boundary layer transition.  A brief summary of the recent work is given below in subsections VII.A and VII.B, 
respectively. 

A.  2D Roughness 
Fujii114 Investigated the effects of 2D wavy-wall roughness on boundary layer transition over a 5 deg half-angle, 

circular cone at M = 7.1 in JAXA’s 0.5m hypersonic wind tunnel.  At a stagnation temperature of T0 = 970 K, Fujii’s 
measurements showed that waviness with a wavelength of lw » 2d, i.e., approximately equal to the local wavelength 
of second mode instabilities, resulted in a downstream movement in transition location (similar to the earlier 
measurements by James) even though instability modes in a selected band of frequencies was destabilized by the 
presence of surface waviness.  At lower unit Reynolds numbers, the shift in transition location was small yet 
noticeable.  However, a delay of approximately 10 to 15 percent was noted at the higher stagnation pressure of p0 = 6 
MPa.  In contrast, however, the surface waviness did not lead to any significant movement in the transition location 
when the stagnation temperature of the flow was reduced to T0 = 620 K.  Computations by Marxen et al115 also found 
that boundary layer disturbances were damped behind a local, 2D roughness element in a Mach 4.8 boundary layer.  
Similar computations at M = 5.92 by Duan et al.116 showed that the location of the 2D roughness element played an 
important role in the stabilization of boundary layer disturbances behind the element. Specifically, their analysis 
revealed that the damping occurred when the roughness element was placed downstream of the so-called 
synchronization location where the slow and fast eigenmodes of the boundary layer flow are locally synchronized 
with each other, i.e., have the same local wavenumber at the disturbance frequency of interest.  Conversely, boundary 
layer disturbances originating from the slow acoustic mode (i.e., the mode S waves) get destabilized when the 
roughness element is placed upstream of the synchronization point. Computations by Riley et al.117 also predicted that 
a compliant panel placed sufficiently downstream within a Mach 4 boundary layer can shift the transition location 
downstream. Egorov et al.118 sought to delay transition via a sequence of round arc cavities along the surface 
underneath a Mach 6 boundary layer.  Their computations, along with the experiments by Bountin et al.119 confirmed 
the damping of high-frequency disturbances in the range of second mode instability when 2D surface waviness was 
employed.  The effect of a smooth hump in both stabilizing and destabilizing the underlying boundary layer flow was 
investigated by Park and Park.120 

Based on the previous body of work, Fong et al.121 designed a strategy for second mode control via 2D surface 
roughness over an axisymmetric, flared cone configuration in the Mach 6 quiet facility at Purdue University.   A 
streamwise array of half-ellipse roughness strips was placed downstream of the synchronization location for the most 
amplified linear, second mode disturbance in the uncontrolled case (f = 285 kHz). The stabilization occurs due to the 
modification of the basic state, which alters the amplification characteristics of the boundary layer flow, and not due 
to a resonance between the spatial scales of the mean flow gradients and the second mode instabilities.  The flared 
cone configuration had been designed to keep the boundary layer thickness nearly constant over a significant portion 
of the cone length.  Thus, the geometric parameters could be held fixed across the entire length of the array, with a 
peak roughness height of k/d ≈ 0.5 and a roughness element width of w/d ≈ 2.0.  While the first roughness strip was 
intended to damp disturbances in the vicinity of f = 285 kHz, the purpose of the downstream elements was to increase 
the effectiveness as well as the frequency bandwidth of the control device, providing instability wave damping at 
successively lower frequencies that come into play in the downstream region.  Consistent with the earlier findings by 
Fong et al.,122 the experiment confirmed a damping of the second instabilities and destabilization of less amplified 
first mode waves at lower frequencies (f  ≈ 150 kHz).  However, because the transition onset in the uncontrolled case 
was close to the downstream end of the measurement region, the extent of transition delay achievable via 2D surface 
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roughness still remains to be determined.  Subsequent numerical simulations by Fong and Zhong123, 124 have confirmed 
the important role of roughness location with respect to the synchronization point, and also demonstrated that the 
location of roughness element with respect to the neutral stability location (where the dominant second mode waves 
begin to amplify) is relatively unimportant in the effectivenss of this stabilization technique.  

B.  3D Roughness 
As discussed in the previous sections, discrete 3D roughness elements induce streamwise vorticity in the near 

wake that leads to the formation of streamwise elongated streaks in the wake.  Those streaks can persist for large 
distances in the wake and, for large enough roughness heights, the streaks are sufficiently strong to induce their own 
instabilities that can lead to an early onset of transition.  However, when the streaks are weaker, they still act as 
modifiers for the amplification characteristics of existing instability waves in the boundary layer flow.  The interaction 
of stationary streaks with both oblique first mode waves and second mode instabilities has been studied by Paredes et 
al.125,126 Although their work did not specifically address the role of roughness-induced streaks, follow-on 
computations by the same group of authors have shown that the suboptimal streaks behind 3D roughness elements 
exert a similar effect on the amplification of instability waves as the optimal growth disturbances studied in Refs. 
[125, 126].  The optimal growth disturbances were chosen by Paredes et al.125,126 because their characteristics can be 
predicted for a given base flow independently of a specific shape or size of the roughness elements and also because 
the optimal growth streaks provide a clean setting to study instability wave interaction with the streaks because of a 
gradual variation in the stationary disturbance amplitude, starting from a relatively small value.  

The flow configuration used in the computational study of Paredes et al.125,126  was a 7 deg half-angle circular cone 
with a nose radius of rn = 0.126 mm and axial length of L = 0.305 m.  The freestream parameters (M = 6, Re = 18 ´ 
106/m, Te = 60.98 K) were selected to match the flow conditions of a wind tunnel experiment in the VKI H3 hypersonic 
tunnel.127  Stationary disturbances undergoing optimal growth over a spatila interval of x/L = [0.2, 0.4] were introduced 
at several selected initial amplitudes and their interaction with both first mode and second mode disturbances over a 
broad range of frequency-spanwise wavenumber combinations. The streaks were observed to stabilize nominally 
planar (i.e., axisymmetric) Mack mode instabilities, although sufficiently oblique Mack mode disturbances (which are 
subdominant with respect to the axisymmetric waves) were destabilized.  The stabilizing effect became stronger with 
increasing streak amplitudes, until the onset of streak instabilities with significantly higher growth rates resulted in a 
rapid upstream movement in the transition location.   

The measured transition location of x/L ≈ 0.6  in the wind tunnel experiment (which did not involve any artificial 
introduction of streaks) correlated with a N-factor of 6. For an initial streak amplitude parameter of A = 0.2 (which 
corresponds to a peak amplitude of 20 percent of the boundary layer edge velocity), the Mack mode instabilities did 
not reach a transition threshold of N = 6 within the length of the cone.  However, the oblique first mode wave 
destabilized by the streaks reached N = 6  near the end of the cone.  These findings suggest that the streaks are likely 
to delay second mode transition unless any adverse effects of the streak excitation device (in the form of an array of 
suitably shaped roughness elements) on the receptivity or the effect of streaks on the nonlinear phase of transition 
(which was ignored in the predictions by Paredes et al.125,126) more than offsets the stabilizing effect of the streaks. 
The interaction of second mode waves with optimal growth streaks has also been studied by Ren et al.,128 who found 
a similar stabilizing influence of streaks on second mode waves; however, the streaks considered in their study had 
very low amplitudes, and therefore, the extent of reduction in growth rates was rather small in comparison with the 
the peak growth rates in the uncontrolled case.   

To explore the mechanism underlying the streak induced stabilization of second mode waves, Paredes et al.125,126  
examined the separate roles of  the mean flow distortion and the spanwise variations associated with the streaks. 
Results indicated that, at least in the case they had studied, the mean flow distortion accounted for a bulk of the 
stabilizing effect (Fig. 26).  In fact, the effect of spanwise variations was generally destabilizing, but significant enough 
to offset a major portion of the stabilizing influence of the mean flow distortion. 
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Figure 26. (a) Evolution of N-factors with frequency f = 550 kHz for the unperturbed basic state (streak 
amplitude A = 0.00), the unperturbed basic state plus the MFD of the A = 0.10 perturbation (A = 0.00 + MFD), 
the perturbed basic state (A = 0.10), and the perturbed basic state without the MFD (A = 0.10 - MFD). The 
vertical dotted line denotes the initial streak location and the dash-dotted line denotes the experimentally 
observed transition location. Also, isocontours of streamwise velocity magnitude for A = 0.10 and positions 
(b) x/L = 0.40, (c) x/L = 0.55, and (d) x/L = 0.70. The color map of (b, c, d) varies from a normalized streamwise 
velocity perturbation of 0 (light yellow) to 1 (dark red).  The isolines of basic state mass flux associated with 
the stationary streaks over a range of [0, 0.9] in increments of 0.1 are added for reference. 

VIII. Blowing and Ablation Effects
As mentioned in the Introduction, blunt aeroshells with ablative heat shields are often used to survive the high 

energy entry into a planetary atmosphere. Most planetary EDL systems involve ablative TPS. NASA’s Orion or Crew 
Exploration Vehicle (CEV) to support human space missions returning from low earth orbit and the moon was 
designed to use an ablative heat shield at lunar reentry velocities.  Ablation leads to out-gassing and surface roughness, 
both of which are known to influence the transition process. The combined physics of both of these phenomena is not 
yet understood. A review of earlier work in this area is provided by Schneider.129 Typically, most experiments to study 
the effect of surface ablation on boundary layer transition in a controlled manner have focused on measuring the 
effects of surface out-gassing130-131 alone or the role of ablation induced distributed roughness,14 but not both.  

On the computational side, aerothermal analysis for ablative heat shields has traditionally been performed without 
a direct coupling between ablation and the material response. However, considerable effort has been devoted in recent 
years toward the eventual development of a coupled prediction capability by implementing surface mass transfer 
boundary conditions into computational fluid dynamics (CFD) solvers.132,133 The effects of surface blowing on 
boundary layer instability at supersonic Mach numbers have also been studied in the context of a self-similar basic 
state for a flat plate boundary layer,134,135 wherein blowing was shown to have a destabilizing effect on boundary layer 
instabilities. Because the surface recession rates are typically low in comparison with the flow speeds (or the phase 
velocity of instability waves), the recession front may be assumed to be stationary in analyzing the effects of out-
gassing on boundary layer stability. 

Computations by Li et al.136 examined the effects of out-gassing on disturbance amplification in nonsimilar 
boundary layer flows over a slender cone and blunt capsule configurations with finite regions of surface transpiration.  
For the second mode dominated axisymmetric hypersonic boundary layer over a slender, 5-degree half angle cone, 
strong out-gassing actually led to moderate stabilization of the boundary layer as shown in Figs. 27(a)-(c).  The peak 
N-factors in Figs. 27(b) and 27(c) are actually lower than that the baseline case of zero mass injection in Fig. 27 (a), 
indicating that the second mode disturbances are moderately stabilized by the presence of mass injection in this case. 
Furthermore, the peak frequency is reduced from 250 kHz in case I to 175 kHz in case V, reflecting the effect of 
boundary layer thickening.  finite drop in N-factor curves for all relevant frequencies near X/L = 1, indicating the 
stabilizing effect associated with the sudden onset of injection.  At a high mass injection rate, N-factor curves for fixed 
frequency disturbances exhibit multiple peaks, signifying alternating cycles of disturbance growth and decay. Each 
successive lobe in the N-factor evolution is associated with an additional peak in the mode shape, indicating that the 
four different N-factor peaks in Fig. 27(c) corresponds to second through fifth modes of instability. Even though the 
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PSE calculations indicate a smooth transition from one mode to the next at f = 175 kHz, the overall N-factor remains 
below that for the zero blowing case. Also observe that the switchover from one unstable mode to the next higher 
mode with a significant region of decay in between signifies the importance of tracking the complete evolution of 
instability waves rather than focusing on just their growth within the region of instability.   

(a)  Zero mass injection. Peak 
frequency is 250 kHz. The 775 
kHz curve represents the highest 
frequency included in 
computation. 

(b)  Intermediate injection rate. 
With blowing, the 250 kHz N-
factor curve peaks earlier with a 
lower N-factor than the baseline 
case in part (a). 

(c)  Large mass injection. Peak 
frequency lowers due to 
thickening of boundary layer. 
Results for a single frequency (f = 
175 kHz) are shown to highlight 
the multiple peaks in N-factor 
evolution.  

Figure 27.  Effect of out-gassing on second mode amplification in cone boundary layer.  N-factor evolution for 
disturbances of selected frequencies. L is the distance from the stagnation point where out-gassing 
is turned on. The high frequency N-factor curves (e.g. 775 kHz) amplify mostly ahead of location 
where blowing starts and, therefore, remain unaffected by out-gassing (from Li et al.136). 

The stabilizing effect of massive injection is contrary to the measured trend during a previous wind tunnel 
experiment at the same flow conditions and, at the face value, to previous computations concerning the effect of 
surface injection on disturbance amplification in a self-similar flat plate boundary layer at lower Mach numbers.  Li 
et al.136 postulated several possible reasons for the discrepancy with the measured trend, including the possibility that 
the transition in the experiment was caused by an instability mechanism other than the second mode. The departure 
from the previous computations, which had indicated a strong and monotonic destabilizing effect of blowing over a 
significant range of blowing magnitudes, is shown to arise as a result of increase in the flow Mach number.  Additional 
computations for flat plate boundary layers at increasing Mach numbers up to M = 7.4 confirmed that the reversal in 
the initially destabilizing effect of increasing blowing was not limited to the axisymmetric cone geometry, a specific 
blowing distribution, or to a narrow range of surface temperatures.  Therefore, this finding appears to be generic to 
the higher Mach number flows.   

In contrast to the slender cone configuration, the axisymmetric boundary layer flow over a blunt, hemispherical 
body can only support first mode instabilities because of the substantially lower (i.e., subsonic to low supersonic) 
values of the edge Mach number over most of the body surface. Due to the stabilizing effect of the favorable pressure 
gradient along the hemispherical surface, these first mode waves are completely damped in the zero injection case, at 
least up to a Reynolds number of 1.3×106 based on the body radius.  However, outgassing leads to inflexional boundary 
layer profiles, causing the first mode waves to become unstable at a finite injection velocity corresponding to m » 
0.007 where m º rwVw/r∞U∞ (r being the fluid density, V represents the velocity normal to the wall, subscripts w and 
∞ denote conditions at the wall and in the free stream, respectively). At m = 0.01, for example, the previously non-
inflectional boundary layer profiles have developed a very pronounced peak in angular momentum within the middle 
of the boundary layer. This peak moves farther away from the surface (both in absolute sense and relative to the 
boundary layer thickness) at increasing distance from the stagnation point (Fig. 28(a)).  This modification of mean 
flow profiles explains the onset of inflectional first mode instability.  Representative mode shapes associated with the 
streamwise velocity fluctuation produced by this instability are shown in Fig. 28(b).  Consistent with the outward 
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movement in inflection point location at increasing distance from the stagnation point, the peak of the (normalized) u 
mode shape moves farther away from the surface as the distance from the stagnation point is increased.  For an 
injection magnitude of approximately twice the threshold value required for the onset of first mode instability, the 
peak N-factors reach a value of greater than 10, indicating a clear possibility of transition even with the strongly 
favorable pressure gradient.  

(a)  Normalized profile across blunt capsule boundary 
layer at selected streamwise stations for m = 0.010. (q 
indiactes the azimuthal position with respect to the 
stagnation point and the y-coordinate denotes the the 
wall-normal distance scaled by the boundary-layer 
similarity length scale. 

(b)  Mode shapes of streamwise velocity perturbation 
|u| for the most amplified first mode wave at selected 
streamwise stations for m = 0.01.  

Figure 28.  Effect of mass injection on inflexional behavior of mean flow profiles and mode shapes of unstable 
eigenmodes (from Li et al.136). 

Mortensen and Zhong137–139 have extended the above work by computing mass injection velocities directly  from 
a surfacechemistry model and by accounting for the different composition of the gas, which was derived from a 
surface-chemistry model.  For a Mach 15.99 flow past a 7 deg half-angle cone with ablating nose cone, blowing was 
found to be destabilizing for the real-gas simulation, but had little effect on disturbance growth in the ideal-gas 
simulation due to differences in the onset of instability amplification between the two cases. On the other hand, for 
the 100 kft condition of the well-known  Reentry-F experiment, the effects of ablating nose cone were found to be 
negligible. 
      Stationary surface blowing has also been used for active transition control on the forebody of scramjet 
configurations.140–144  Injection of sonic jets into high-speed boundary layers has been extensively investigated in the 
context of fuel-air mixing in scramjet applications and thrusters on missiles and spacecrafts. The sonic jet from the 
surface expands into a barrel shock that terminates with a Mach disk.  This local structure presents an obstacle to the 
incoming boundary layer, resulting in the formation of a horse-shoe vortex system that analogous to the one associated 
with an isolated roughness element.  Loosely speaking, therefore, transition mechanisms similar to those discussed in 
Sections II and III for discrete roughness elements may apply in this case, with the equivalent roughness height for 
the jet being determined by the penetration height of the Mach disk.  At low injection pressures, the penetration depth 
will be smaller than the local boundry layer thickness, so that the sonic jet would become postcritical beyond a 
threshold value of the ratio of total injection pressure to the static pressure the at boundary-layer edge.  When the 
resulting wake disturbance is sufficiently large, the amplification of streak instabilities in the wake would lead to 
transition well downstream of the injection site. Andre et al.78 have reported implicit large eddy simulations of 
transition due to sonic injection into a Mach 4.2 flat plate boundary layer that models the centerplane flow for the 
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wind experiment by Durant et al.145  In the numerical simulations, the critical and effective boundaries were 
determined as injection pressure ratios of 2 and 4, respectively.  At the higher pressure ratios, such that the Mach disk 
had penetrated beyond the edge of the boundary layer, transition occurred immediately behind the array of injection 
holes and was marked by a train of hairpin vortices behind the sonic jet.   
 Jewell et al.146 have described an interesting finding related to the delay of second mode transition over a slender 
cone in a hypervelocity flow via the injection of CO2 through a porous injector.  The observed delay in transition was 
attributed to non-equilibrium effects in CO2. Basically, the second mode instabilities represent acoustic disturbances 
that are trapped and amplified within the boundary layer.  Non-equilibrium molecular vibration in dissociated, CO2
rich flows results in acoustic damping over a specific range of frequencies.  Thus, when the damping range overlaps 
with the frequencies of second mode waves, the latter can be stabilized.  The stabilizing effect of CO2 on second mode 
transition had been previously established during the wind tunnel tests in the T5 reflected shock Tunnel at CalTech.  
The CO2 injection technique enabled a similar benefit to be realized in air at an enthalpy of 10 MJ/kg, albeit to a 
significantly reduced extent.  At small injection rates, the stabilizing influence increased with the CO2 mass flux. 
However, beyond a certain injection rate, the transition front flashed upstream, possibly because boundary layer 
separation due to injection across the porous insert became the dominant influence on transition.  For measurements 
involving Argon injection (for which the non-equilibrium effects cannot stabilize the second mode waves), transition 
moved forward even at the lower injection rates for which transition delay was observed with CO2 injection, 
highlighting the intrinsically destabilizing influence of the injection process for this flow configuration.     

IX. Summary
Given the influence of boundary layer transition on surface heat transfer, skin friction drag, and flow separation 

characteristics, understanding and prediction of transition over the vehicle surface constitutes an important aspect of 
hypersonic vehicle design.  The goal of this document was to outline the various ways in which roughness can impact 
the transition process and to summarize the recent studies to provide some insights into the physical mechanisms 
involved.  Because of the variety of roughness configurations encountered in practice, the apparently narrow topic of 
roughness effects on boundary layer transition involves a microcosm of the general phenomenon of laminar-turbulent 
transition; this makes its study both challenging and highly fascinating. In brief, research during the past decade has 
led to significant advances in the understanding of boundary layer transition due to discrete roughness elements, so 
that it is now possible to postulate the morphology of variation in transition location with the roughness height 
parameter.  Even though this document has emphasized selective work performed at NASA, an extensive bibliographic 
listing of other references is also included, along with a summary of their complementary findings.  A hallmark of the 
recent research on roughness effects corresponds to the synergistic combination of theory, numerical simulations, and 
various types of measurements (such as hot wire measurements at supersonic speeds and surface pressure 
measurements, IR and phosphor thermography, tomographic PIV, and NO PLIF at hypersonic Mach numbers) that 
were carried out in both conventional and low disturbance ground facilities as well as during flight experiments.  This 
broad yet thorough effort was also distinguished by strong collaborations between multiple research groups at both 
national and international levels, providing a key element in enabling the recent advances.  Fig. 29 presents a summary 
of the transition mechanisms for the case of a single isolated trip of varying height, as inferred from the results 
discussed in the previous sections of these notes.  Regardless of the Mach number, the mean flow distortion due to the 
roughness element is characterized by long lived streamwise streaks in the roughness element wake, which can support 
instability modes that did not exist in the absence of the roughness element.  Asymmetric roughness element gives 
rise to an asymmetric wake structure that resembles a finite amplitude stationary crossflow vortex on one side.  For 
roughness elements that are sufficiently post-critical, the amplification of instabilities supported by the primary streak 
(i.e., centerline streak for symmetric planforms) is large enough to induce transition.  For larger roughness heights 
approaching the effective roughness regime, the instabilities of the horse-shoe vortex system also become significant 
and may, in fact, dominate the disturbance amplification within the wake.  Additionally, the flow separation just 
upstream of the roughness element can support a global instability that leads to strong unsteady disturbances in the 
immediate vicinity of the roughness element and play an important role in inducing transiton.  Overall, the basic 
mechanisms for sufficiently post critical and near- to post-effective roughness heights appear to be on fairly solid 
ground at this point; but, there is still a need to further understand the physical mechanisms related to barely postcritical 
roughness elements that precede the regime where the streak instabilities become strong enough to cause transition on 
their own.   
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