
JOURNAL OF SPACECRAFT AND ROCKETS

Vol. 39, No. 2, March–April 2002

Review and Synthesis of Roughness-Dominated Transition
Correlations for Reentry Applications

Daniel C. Reda
NASA Ames Research Center, Moffett Field, California 94035-1000

Nomenclature
a = constant; Fig. 1
C , C 0 = constants
k = roughness element height, ft
Nk = average roughness element height, ft
L = vehicle length, ft
M = Mach number
n = exponent; Fig. 1
NR = Poll’s transition parameter29;30; Eq. (1)

Reke = roughness Reynolds number based on height k
and edge conditions

Rekk = roughness Reynolds number based on height k
and conditions at k

Reµ = Reynolds number based on height µ
and edge conditions

U = velocity component parallel to test surface or velocity
component perpendicularto attachment line, ft /s

V = velocity component parallel to attachment line, ft/s
X = generalized disturbanceparameter or axial coordinate

along windward centerline
x = coordinate perpendicular to attachment line, ft
Y = generalized transition parameter
® = angle of attack, deg
± = smooth-wall laminar boundary-layer thickness, ft
´ = Poll’s length scale29;30 [Eq. (2)], ft
µ = smooth-wall laminar boundary-layermomentum

thickness, ft
¹ = viscosity, lbm/ft ¢ s
º = kinematic viscosity, ft2/s
½ = density, lbm/ft3

Subscripts

al = attachment line
e = edge of smooth-wall laminar boundary layer
k = based on conditions in smooth-wall laminar boundary

layer at top of roughness elements
tr = transition
w = wall or based on wall temperature

Superscript

¤ = properties evaluated at Poll’s reference temperature29;30
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Introduction

M ODELING of roughness-dominated transition is a critical
design issue for both ablating and nonablating thermal pro-

tection systems (TPS). Ablating TPS, for single-useplanetary-entry
and Earth-return missions, � rst experience recession under high-
altitude, low-Reynolds-number conditions. Such laminar-� ow ab-
lation causes the formation of a distributed surface microroughness
pattern characteristicof the TPS material composition and fabrica-
tion process.For nonablatingTPS, such as the overlappingmetallic-
panel heatshields proposed for future reusable launch vehicles, the
initial distributed surface roughness pattern is established a priori
by the engineeringdesign and assembly procedure.However, under
high-altitudelaminar heating, such metallic panels undergo thermal
distortion, causing the formation of a distributed surface roughness
pattern of multiple height scales.

In both cases, these distributed surface roughness patterns cre-
ate disturbances within the laminar boundary layer � owing over
the surface. As altitude decreases, Reynolds number increases,
and � ow� eld conditions capable of amplifying these roughness-
induced perturbations are eventually achieved, that is, transition
onset occurs. Boundary-layer transition to turbulence results in
more severe heat transfer rates. Ablating TPS experience increased
recession rates, leading to potential burn through, whereas non-
ablating, metallic-panel TPS experience accelerated temperature
rise, leading to potential surface coating failures and melting of
components.

The objectives of this paper are 1) to restate the author’s ear-
lier conclusions concerning the validity of the critical roughness
Reynolds number concept for blunt bodies in hypersonic � ow,1

2) to reanalyzethe roughness-dominatedtransitioncorrelationspub-
lished since that time, and 3) to attempt to unify the correlating ap-
proach applied to roughness-dominatedtransition data sets in terms
of the physics-based, critical roughness Reynolds number frame-
work. This paper focuses on published roughness-dominatedtran-
sitioncorrelations,andnoattemptwas made to citeeveryroughness-
dominated transition data point ever reported.

Important differencesbetween critical roughnessReynolds num-
bers measured in isolated vs distributedroughness experimentswill
be emphasized,and theapplicabilityof isolatedvsdistributedrough-
ness correlations to lifting entry vehicle design will be discussed.
The present review paper on roughness-dominatedtransition, com-
binedwith the recent review papersby Schneideron � ight-test data2
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and noise effects,3 provides a detailed summary of available transi-
tion design correlations and databases.

Evolution of Critical Roughness Reynolds
Number Correlating Approach

The concept of a critical roughness Reynolds number for transi-
tion is attributed to Schiller,4 who hypothesized that, at some crit-
ical value, vortices would be shed from the top of the roughness
element(s), causingan abrupt breakdownto turbulence.The critical
Reynolds number was based on smooth-wall laminar boundary-
layer conditions at the roughness height, and the length scale was
the roughness height. Early experimental research on roughness-
dominated transition and the evolution of the critical roughness
Reynolds number concept are documented in Refs. 5–15 and refer-
ences given therein.

For isolated (single) roughness elements, breakdown to turbu-
lence was generally � rst observed downstream of the element, but
with small additional increases in freestream unit Reynolds num-
ber, the turbulentwedgewould � ash forwardandbecomeattachedto
the element. The trip was then de� ned as effective.The value of the
critical roughness Reynolds number was dependent on roughness
element height, shape, type (two or three dimensional) and � ow-
� eld, for example, incompressible, � at plate. No universal value
was discovered in these early experiments.

For three-dimensional distributed roughness elements covering
the entire test surface, the term effective tripping was replaced by
critical roughness Reynolds number for the onset of turbulence,
which occurredat the axial location along the test surface where the
critical value was � rst achieved.This locationwas typically de� ned
as the location where an abrupt rise in the wall temperature, or wall
heat � ux, above the local laminar value, was measured. In a time-
varying � ow� eld, the transition front would progress (move) over
the rough surface consistent with the physical location where the
critical value was locally achieved.

Reshotko and Leventhal,16 Reshotko,17 and Tadjfar et al.18 con-
ducted detailed experiments in the early 1980s on instabilities
within, and the breakdown of, laminar boundary layers � owing
over three-dimensional distributed surface roughness patterns. Re-
sults corroborated the critical roughness Reynolds number concept
as outlined by Schiller.4 According to Reshotko,17 “the departure
from laminar � ow is explosive and related to effects occurring in
the near vicinity of the roughness(peaks).” From Ref. 18, “Near the
beginningof transition,a single frequencyoscillationwas measured
in both streamwise and vertical velocity � uctuations. While main-
taining the same narrow band frequency content, this oscillation
ampli� ed rapidly as it moved downstream.”Furthermore, “The sin-
gle frequency oscillation measured could be attributed to shedding
of (these) hairpin vortices.” Also, “The contributions of the down-
stream roughness elements would thus increase the strength of the
vortices toward the eventual transition.” Present understanding in-
dicates that distributed surface roughness patterns promote earlier
transitionto turbulencewhen comparedto the trippingeffectiveness
of a single roughness element of equivalent height and shape.

As will be seen in subsequentsections, this simple physicalmodel
for vortex shedding/breakdownto turbulencesuccessfullydescribes
roughness-dominated transition for incompressible and compress-
ible � ows, over isolated and distributed roughness elements, for
blunt-body, attachment-line, and lifting-entry vehicle geometries.
The value of the critical roughness Reynolds number for any � ow-
� eld /roughness pattern combination must be determined empiri-
cally in a quiet ground-based test facility or in-� ight.

Nosetips
By the mid-1970s, cold war concerns had generated extreme

interest in transition physics on ablating nosetips of ballistic
reentryvehicles.19;20 Under thePassiveNosetipTechnology(PANT)
program,21 a substantial new database for roughness-dominated
transitionon bluntbodiesin hypersonic� owwas generated.Metallic
models with uniform, three-dimensional,distributed surface rough-
ness patterns, of parametrically varied height scales, were system-
atically tested in conventional (noisy) hypersonic wind-tunnel en-
vironments. When these results were used, � ve separate design

Fig. 1 Schematic of generalized correlation approach.

Fig. 2 Nosetip transition data from ballistics-range experiments;
three-dimensional distributed roughness, compressible � ows.

correlations were published, each claiming to model correctly the
physics of transition onset and progression over actual nosetips un-
dergoing reentry.1

Figure 1, taken from Ref. 1, shows a schematic of the gener-
alized correlation approach applied to the hypersonic wind-tunnel
database.21 Power-law relationships between the assumed distur-
bance parameter X (based on the average surface roughnessheight)
and the assumed transition parameter Ytr (based on the computed,
smooth-wall laminar boundary layer) were sought. In log–log co-
ordinates, a correlation � tted with a ¡45 deg slope (n D ¡1) repre-
sented a unique situation where Ytr ¢ X D a D const. At low X val-
ues, Ytr values would asymptote (plateau) to a smooth-wall value
that was a functionof the noise level of the facility utilized,whereas
at large X values, Ytr values would asymptote (plateau) to a limiting
value that could be interpreted one of two ways: Either the rough-
ness had become large compared to the boundary-layer thickness,
hence, further increasesin roughnessheight had no additionaleffect
on transition (the “protuberance” limit), or the unit Reynolds num-
ber had become low enough that roughness-induceddisturbances,
no matter how large, failed to amplify and died out.

Ballistics-range experiments, using laminar preablated nosetips
of actualreentrymaterials,were subsequentlyconducted.1 Analyses
of this extensive real-materials/real-environmentsdatabase showed
that only one transition correlation, based on the concept of a crit-
ical roughness Reynolds number for transition, could successfully
describeboth thewind-tunnelandballistics-rangedata sets,thusval-
idating the applicationof this concept to actual reentrymaterialsand
conditions. Figure 2 shows a summary of the ballistics-rangedata
set1 for � ve different materials and three different nosetip radii ex-
posed to quiescent, real-gas environments. This three-dimensional,
distributed roughness data set was well represented by a critical
roughness Reynolds number (based on conditions at the average
roughness height and the wall temperature) of 192. The value



REDA 163

of this critical parameter for the three-dimensional, distributed
roughness, wind-tunnel data set21 was lower (160), most probably
due to additional disturbances imposed on the laminar boundary
layer from nozzle-wall radiated noise and/or convected freestream
disturbances.3 For both data sets, the computational methodology
described by Dirling et al.19 and Dirling20 was employed to cal-
culate the smooth-wall laminar boundary-layer development and
conditions at the average roughness height.

Demetriades,22 in his studies of the effects of three-dimensional
distributed roughness on transition in the nozzle throat of a quiet
supersonic wind tunnel, found corroborating evidence to support
the ballistics-rangeresult,1 namely, a constant roughness Reynolds
number for transition of 200 in the roughness-dominated regime.
Note that a sonic-nozzle-throat� ow� eld closely simulates the � ow-
� eld over a blunt body in hypersonic � ow, expanding from stagna-
tion conditions, through Mach 1, to low supersonicMach numbers.

Approximately two years after the present author’s � ndings were
published, Batt and Legner23 published a review of the then avail-
able roughness-induced nosetip transition data sets.1;21;24 A thor-
ough discussion was given of the dif� culties and uncertainties in
characterizinga three-dimensional/ablated-surfacemicroroughness
pattern by a single height scale, generally chosen to be the average
of the measured height distribution. An alternative height scale,
the 30th-percentileprobability-of-exceedance value, was chosen as
being more representative of the disturbance-generation capabil-
ity of any given laminar-ablated surface. Whereas this assumption
may, in fact, be justi� able, Batt and Legner23 incorrectlyapplied the
Dirling transformation25 in their subsequent analyses23 of available
surface microroughness distributions. This mathematical transfor-
mation allows the average in-plane roughness height, measured on
a cross-sectional plane of an ablated sample via microscopy, to be
convertedto its correspondingaveragethree-dimensionalroughness
element height once a geometrical shape for the elements, for ex-
ample, spherical or conical, has been assumed. This transformation
cannot be applied to any arbitrary value within the measured in-
plane roughness-heightdistribution.The end result of their analysis
was a conclusioncounter to that reached in Ref. 1 and corroborated
in Ref. 22: A modi� ed-PANT transition correlation was offered
as the correct model for transition onset/progression on roughened
nosetipsin hypersonic� ows. Figures8 and 10 of Ref. 23 show, how-
ever, that the uncertainty (scatter) bands on the dependent variable
(the transition parameter) in these modi� ed-PANT correlations are
excessivelylarge, ranging from C75 to ¡42% about the correlation
� t in both cases. Despite such large uncertainties, modi� ed-PANT
transitioncorrelations23;26 were appliedby the reentrycommunityof
the 1980s,perhapsas a resultof their ease of usage;onlycalculations
of boundary-layer edge and integral parameters were required, as
opposed to the more detailed computations of smooth-wall laminar
boundary-layerdensity, velocity, and temperature pro� les required
by the critical roughness Reynolds number approach. Note, how-
ever, that the authors of Ref. 23 stated “A physical rationale for the
(modi� ed-PANT) correlation can be obtained by appealing to the
critical Reynolds number approach.”

In closing this section, it is emphasized again that roughness
Reynolds numbers should be evaluated based on conditions in
the smooth-wall laminar boundary layer at the roughness height,
Rekk . (Note that under adiabatic or near-adiabatic wall conditions,
¹w

»D ¹k ; also, for small roughness, the elements can be assumed
to be at the wall temperature.) Correlations to be discussed in sub-
sequent sections were formulated and presented as graphical or al-
gebraic representations of transition data sets and were based on
smooth-walllaminarboundary-layeredgeconditions.Inmost cases,
insuf� cient information was available to allow the conversion of
published results into Reynolds number Rekk values. Hence, for
purposes of comparison and discussion,Fig. 3 shows the ballistics-
range database of Fig. 2 replotted in coordinates that allow the def-
inition of Reke D 106.

Sensitivity of Correlation Approach
to Computational Methods

In the time frame of the 1970s, smooth-wall laminar boundary-
layer development was calculated via separate/iterative solutions

Fig. 3 Nosetip transition data from ballistics-range experiments;
three-dimensional distributed roughness, compressible � ows.

Fig. 4 Graphite nosetip transition data from ballistics-range experi-
ments, analyzed using real-gas Navier–Stokes code; three-dimensional
distributed roughness, compressible � ows.

for the inviscid and viscous portions of the overall � ow� eld.19;20

Present-day, real-gas, Navier–Stokes codes (see Ref. 27) allow the
entire viscous/inviscid � ow� eld to be calculated in a direct and,
presumably, more accurate manner.

The graphite nosetip database of Ref. 1 was reanalyzed by
Olejniczak of NASA Ames Research Center using the real-gas
Navier–Stokes code described in Ref. 27. Results are shown in
Fig. 4. Edge conditions predicted by the Dirling methodology19;20

and the Navier–Stokes methodology (see Ref. 27) were found to
be in excellent agreement. More important, the critical roughness
Reynolds number correlatingapproach was proven to remain valid,
that is, a slope of n D ¡1 and an uncertainty band of §20% were
found to well represent the database.However, the value of the crit-
ical roughness Reynolds number was found to be approximately
25% higher when using the Navier–Stokes code to predict the
smooth-wall laminar boundary-layer development, that is, a value
of »200 increased to »250. More detailed comparisons between
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available present-day codes28 need to be done to quantify further
the sensitivity of this correlation approach to the choice of compu-
tational methods and thermophysicalmodels.

Attachment Lines
During the past two decades, the in� uence of isolated roughness

elements on swept-cylinder attachment-lineboundary-layer transi-
tion was studied by Poll29;30 and Flynn and Jones.31 Although these
experimentswere conductedin incompressible� ows, resultsare rel-
evant to attachment-linetransitionphysics for lifting-entryvehicles.
Although these authors did acknowledge the roughness Reynolds
number correlating approach, transition results were graphically
presented in terms of Poll’s disturbance parameter29;30 k=´ (rough-
ness height nondimensionalized by a computed length scale) and
transition parameter NR (a Reynolds number based on edge con-
ditions and the same computed length scale), that is, (k=´/ is the
disturbance parameter and NRtr is the transition parameter, where

NR D
½e Ve´

¹e

(1)

´ D
µ

ºe

.dUe=dx/al

¶ 1
2

(2)

Plots of their effective-tripping data sets in log–log coordinates
(Figs. 5 and 6) showed an inverse dependence between the dis-
turbance parameter and the transition parameter:
NRtr D C[k=´]¡1 (3)

[½e Ve´=¹e]tr ¢ [k=´] D C (4)

[½e Vek=¹e]tr D C »D 800 (two-dimensional, isolated)

»D 1000 (three-dimensional, isolated) (5)

The end result is that the computedlengthscale cancelsout, yielding
a critical roughness Reynolds number (based on roughness height
and boundary layer edge conditions) of 800 for two-dimensional
isolatedelements and 1000 for three-dimensionalisolatedelements.

Available compressible-�ow attachment line transition onset
data, for two-dimensional isolated roughness elements,32¡36 are

Fig. 5 Attachment line transition correlation based on wind-tunnel
experiments; two-dimensionalisolated roughness, incompressible � ows.

Fig. 6 Attachment line transitioncorrelation basedonwind-tunnelex-
periments; three-dimensional isolated roughness, incompressible � ows.

Fig. 7 Attachment line transition onset data from noisy and quiet
wind-tunnel experiments; two-dimensional isolated roughness, com-
pressible � ows.

shown in Fig. 7 in terms of Poll’s correlating parameters.29;30 Fluid
propertiesare evaluated at Poll’s reference temperature (see Ref. 35
for details). All models were swept cylinders.

Coleman32;33and Dietz et al.34 conducted experiments at a low
freestream supersonic Mach number of 1.6 in a quiet facility. All
other data shown were acquired in conventional(noisy) hypersonic
facilitiesat freestreamMachnumbersrangingfrom5 to 7. Except for
the data of Murakamiet al.,36 all measured transitiononset locations
were downstream of the trip location, a slight departure from the
effective-tripping(transitionat theroughnesselement)methodology
applied in Figs. 5 and 6. All but 3 of the 14 compressible-�ow data
points fall within the band corresponding to a critical roughness
Reynolds number of 1150§ 20%. The low Mach number/quiet-
facility data all fall along the upper boundary of the noisy-facility
results.

Lifting-Entry Vehicles
The pioneering research of Bertin et al.37 and Goodrich et al.38;39

conducted in the early 1980s provided the basis for the under-
standing and modeling of transition onset and progression over
the windward surface of the Space Shuttle Orbiter during reen-
try. Figure 8 shows Rekk;tr vs (X=L)tr measured on the shuttle
windward centerline during actual reentry of STS-1–STS-5.39 The
three-dimensional, distributed surface roughness pattern due to
TPS tile misalignments had an average height scale of 0.06 in.
The basic thesis of the present paper is, once again, corroborated:
For axial locations along the windward-surface centerline down-
stream of the nose-induced, favorable pressure-gradient region,
0:2 · .X=L/tr · 1:0, transition onset and progression were well
modeled by an average critical roughnessReynolds number of 121.
(Note that the stabilizingin� uence of such local, favorable pressure
gradients on isolated-roughness-induced disturbanceswas reported
earlier by Morrisette.40 ) Figure 9 shows corresponding data bands
measured in conventional (noisy) hypersonic wind tunnels.39 Con-
sistent with observationsmade previously,transitionin the presence
of both distributed roughness and radiated noise tends to occur ear-
lier (lower Reynolds number Rekk ;tr values) when compared to data
obtained in quiet ground-based facilities or in-� ight.

Between the lifting-entry-vehicletransition research of the early
1980s37¡39 and that of the late 1990s,41¡43 utilization of the criti-
cal roughnessReynolds number correlationapproach waned. Berry
et al.42;43 investigated the in� uence of isolated three-dimensional
roughness elements on boundary-layer transition for hypersonic
� ows over both the Space Shuttle Orbiter and X-33 con� gurations
at high angles of attack. Based on these results, an algebraic cor-
relation was given between the postulated disturbance parameter
k=± (roughnessheight nondimensionalizedby smooth-wall laminar
boundary-layer thickness) and the postulated transition parameter
Reµ =Me (edge Reynolds number, based on smooth-wall laminar
boundary-layermomentum thickness, divided by edge Mach num-
ber), that is, (k=±) is the disturbance parameter and (Reµ =Me/tr is
the transition parameter:
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Fig. 8 Transition onset and progression for space shuttle centerline;
reentry data, three-dimensional distributed roughness, compressible
� ows.

Fig. 9 Transition onset and progression for space shuttle center-
line; wind-tunnel experiments, three-dimensional distributed rough-
ness, compressible � ows.

.Reµ =Me/tr D C.k=±/¡1 (6)

Algebraic manipulation of Eq. (6) leads to

[½eUek=¹e]tr D C ¢ Me ¢ .±=µ/ (7)

For high-angle-of-attack hypersonic � ows about � at-bottomed
lifting-entry vehicles, both Me and (±=µ / for laminar boundary lay-
ers are essentially constant parameters. Thus, Eq. (7) says that the
algebraic correlations of Refs. 42 and 43 are equivalent to stating
that there is a critical roughness Reynolds number for transition on
such vehiclesdue to three-dimensionalisolatedroughnesselements.
To estimate the value of this critical parameter for both the shuttle
and X-33, we choose Me D 2 and (±=µ / D 7.5 (the incompressible
limit) as representative values. The product of Me and (±=µ ) as-
sumed here is, thus, 15; correspondingvalues of this product taken
from Table 2 of Bouslog et al.41 for the Space Shuttle Orbiter geom-
etry range from 11.06 to 19.31, with an average value of 15.39. The
value for the constantC in each case was determinedfrom a log– log
correlation plot using the coordinates of the algebraic correlation.

Figure 10 shows the shuttle windward centerline data of Ref. 42
replotted in log– log coordinates, consistent with the generalized
correlation approach of Fig. 1. This isolated roughness data set is
well � tted by

[½eUek=¹e]tr D 450 § 20% (8)

Figure 11 shows the same data set replotted in the coordinates
used in Fig. 2. Table 2 of Bouslog et al.41 was used to provide
the required information concerning conditions in the smooth-wall
laminar boundary layer at the roughness height. Except for the two
lowest disturbance parameter data points, this isolated roughness
data set is well � tted by

[½kUkk=¹w]tr D 344 § 20% (9)

Note again that as the disturbance parameter based on k is sys-
tematically reduced in such experiments the transition parameter

Fig. 10 Transition data for space shuttle centerline; wind-tunnel ex-
periments, three-dimensional isolated roughness, compressible � ows.

Fig. 11 Transition data for space shuttle centerline; wind-tunnel ex-
periments, three-dimensional isolated roughness, compressible � ows.

asymptotes or plateaus to a smooth-wall limit dictated by the dis-
turbance level (radiated noise and/or freestream turbulence) of the
facility utilized.

Figures 12 and 13 show the three-dimensional, isolated-
roughnesstransitiondata sets for theX-33centerlineandattachment
line, respectively.43 The same analysis approach used in Fig. 10 is
applied here. Both data sets are well represented by

[½eUek=¹e]tr D 1050 § 20% (10)

When based on edge conditions, this critical roughness Reynolds
number for three-dimensional isolated roughness in compressible
� ows agrees quite well with the corresponding value of Flynn and
Jones31 for incompressibleattachment-line� ows (see again Fig. 6).
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Fig. 12 Transition data for X-33 centerline; wind-tunnel experiments,
three-dimensional isolated roughness, compressible � ows.

Fig. 13 Transition data for X-33 attachment line; wind-tunnel exper-
iments, three-dimensional isolated roughness, compressible � ows.

Insuf� cient information was given to recast the X-33 data into
Reynolds number Rekk;tr values.

One � nal note concerning the X-33 results warrants discussion.
Initial results were reported in Ref. 43 concerning the effects of
three-dimensionaldistributed roughnesson windward-surfacetran-
sition. The roughnesspattern was chosen to simulate metallic-panel
bowing due to thermal distortion, but the pattern was applied only
to the upstream third or so of the windward surface. Dome heights
ranged from 0.002 to 0.008 in., and the wavelength of the pattern
was large compared to its amplitude. The resultant surface pattern

in each simulation was a wavy wall that did not have the multiple
height scales (back steps, edge ripples, and dome heights) typically
attributed to such heat-shield designs. The thermal phosphor coat-
ing used to detect transitionwas appliedover the wavy-wall pattern,
reducing the effective dome heights by an unreported amount. The
tripping effectiveness of such wavy-wall patterns was found to be
slightly less than that of isolated roughness elements of comparable
height scales, in apparent contradiction to present understanding.

Design Implications
When the isolated-roughness data listed in Table 2 of Bouslog

et al.41 and the distributed-roughness data reported by Goodrich
et al.39 are referred to, a comparison of ground-based (noisy) tran-
sition data measured on the shuttle centerline shows that

Rekk ;tr .three-dimensional, isolated/

Rekk;tr .three-dimensional,distributed/
D 344

87
»D

4

1
(11)

Further, if one ignores noise and con� guration effects, a worst-case
comparison of Figs. 3 and 12 shows

Reke;tr .three-dimensional, isolated/

Reke;tr .three-dimensional,distributed/
D

1050

106
»D

10

1
(12)

Ratios (11) and (12) clearly indicate that transition occurs ear-
lier (at lower critical roughness Reynolds numbers) for � ows over
distributed-surface-roughness patterns as compared to isolated-
roughness cases. The X-33 � ight test vehicle was designed44 based
on the isolated-roughnesscorrelationofEq. (6), andhence,its transi-
tion performancemight well have been outside the design envelope.
It now appears, however, that this vehicle will never be � own.

As noted in the Introduction,designsproposedfor future reusable
launch vehicles will employ metallic-panel, nonablating TPS. The
windward surface of such a vehicle will comprise overlapping,
sharp-cornered, metallic panels yielding a periodic distributed ar-
ray of steps with edges skewed to local � ow directions (see Fig. 1
of Ref. 45). To complicatematters further, computationsand arc-jet
tests indicatethat suchmetallicpanelsbow underreentryheatingand
that the edges ripple to form a quasi-periodic distributed-surface-
roughnesspattern of multiple height scales.45 For such heat shields,
transition onset could potentially occur at altitudes signi� cantly
higher than anticipated, and turbulence could potentially progress
forward over the windward surface more rapidly than anticipated,
resultingin higherheat transferrates for longertimes.Viabledesigns
will, thus,requirea betterunderstandingof the trippingeffectiveness
of such thermally induced distributed-surface-roughness patterns.

Conclusions
1) Based on analyses of existing roughness-dominatedtransition

correlations for blunt bodies, attachment lines, and windward sur-
faces of lifting-entryvehicles, it was found that all such correlations
could be well modeled by the critical roughness Reynolds number
concept.

2) Three-dimensional, distributed-surface-roughness patterns
promote earlier transition as compared to the tripping effective-
ness of a single, three-dimensionalroughnesselement of equivalent
height and shape. Availabledata sets indicate that critical roughness
Reynolds numbers, for � ows over three-dimensional distributed-
roughness patterns, can be factors of 4–10 times less than corre-
spondingvaluesmeasuredfor three-dimensionalisolated-roughness
cases.

3) Because there are an in� nite number of potential � ow� elds,
that is, combinations of geometries, approach � ows, and bound-
ary conditions,within which laminar boundary layers can develop,
and there are an in� nite number of potential surface roughnesspat-
terns, no universalvalue for the critical roughnessReynoldsnumber
for transition to turbulence exists. The critical value for any � ow-
� eld/roughnesspatterncombinationmust bedeterminedempirically
in a quiet ground-based test facility or in-� ight.

4) Empirical determinationof a critical value for a speci� c subset
of � ows, namely, three-dimensionaldistributedroughnesson hemi-
spheres in hypersonic � ows, has been successfullydemonstrated in
quiescent ballistics-rangeenvironments.
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