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Slightly blunted cones with smooth tips and roughened frusta were flown in the NASA Ames Research Center

hypersonic ballistic range through quiescent air environments at aMach number of 10. Global surface-temperature

distributions were optically measured and analyzed to determine the transition onset location on the roughened

surface of each model. A series of tests was conducted over a range of freestream pressures, from which the

progression of the transition front over the roughened surface was determined as a function of freestream pressure.

Real-gas Navier–Stokes calculations of the laminar boundary layer were conducted at the measured flight Mach

number and wall temperature at the transition onset location for each shot, and results used to predict key

dimensionless parameters required to correlate transition on such configurations in hypersonic flow. For distributed

roughness elements totally immersed within the laminar boundary layer, the critical-roughness-Reynolds-number

correlating approachwas found to well model transition onset and progression over the roughened conic frusta. The

critical value of the roughness Reynolds number for transition was found to be 266� 20%, in agreement with

the critical value of 250� 20% determined in earlier experiments for transition on rough blunt bodies in hypersonic

free flight.

Nomenclature

DB = model base diameter
h = local surface elevation of roughness
k = three-dimensional roughness-element height
�k = average roughness-element height for distributed

roughness
kmp = most probable roughness-element height
L = model length
M = Mach number
P = static pressure
ReD = freestream Reynolds number, �1V1DB

�1

Rekk = roughness Reynolds number, �kuk
�k

�w
RN = model nose-tip radius
T = temperature
TH = temperature threshold
TR = transition
u = fluid velocity component parallel to the wall
V = model velocity
X = model axial length measured from tip along centerline
x, y, z = local surface coordinates used in surface-roughness

characterization
� = boundary-layer thickness
� = boundary-layer momentum thickness
�c = cone frusta half-angle
� = fluid viscosity

� = fluid density
� = standard deviation
’ = flow-aligned polar coordinate on hemisphere surface

measured from stagnation point

Subscripts

k = based on conditions in the laminar boundary layer at
the roughness height

TR = at transition location
w = based on wall conditions
1 = freestream

I. Introduction

B OUNDARY-layer transition, aside from being one of the most
challenging problems of basic fluid physics, remains a real-

world problem to designers of advanced flight systems. Accurate
predictions of viscous flowfields around high-speed aircraft,
missiles, and entry vehicles are of paramount importance to each
system’s design and subsequent flight performance. Boundary-layer
transition is known to affect vehicle dynamics, drag, and surface heat
transfer significantly.

In the hypersonicflow regime, thermal protection offlight vehicles
is most often accomplished with ablating heat shields. In such cases,
frictional energy generated between the flight vehicle and its
atmospheric environment is absorbed and shed as the thermal
protection system (TPS) ablates and recedes.

Ablating TPS materials on planetary entry trajectories first
experience thermochemistry under high-altitude, low-Reynolds-
number conditions. Such laminar-flow ablation causes the formation
of a distributed surface microroughness pattern characteristic
of the TPS material composition and fabrication process [1,2].
Once formed, these distributed surface-roughness elements create
disturbances within the laminar boundary layer flowing over the
surface. As altitude decreases, Reynolds number increases and
flowfield conditions capable of amplifying these roughness-induced
perturbations may eventually be achieved. Whether or not these
roughness-induced disturbances cause a breakdown to turbulence is
a critical design issue [2]. Boundary-layer transition to turbulence
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results in more severe heat transfer rates and accelerated surface
recession. Ablating TPS thus can potentially encounter failure
mechanisms associatedwith exceeding bond-line temperature limits,
burn through, or thermostructural breakup.

Early manned entry vehicles were blunt capsules with ablating
TPS in the shape of a sphere segment. Unmanned planetary entry
vehicles are generally axisymmetric in shape: slightly blunted
slender cones for strategic applications and large bluntness, large-
angle cones for planetary-exploration applications. Complicating the
designs of such vehicles, the nose tips or nose caps are often
composed of ablative materials different from those deployed on the
conic afterbodies.

Early transition research on smooth and rough bodies at
hypersonic speeds was conducted in conventional hypersonic wind
tunnels. However, it soon became apparent that transition physics
was adversely affected by facility noise, both convected along the
freestream from plenum chambers and radiated into the freestream
from turbulent boundary layers on the nozzle walls. The evolution of
this understanding is covered in [3–9]. A coordinated national effort
to overcome these testing limitations was put forward by Reshotko
[10], involving the development and use of quiet supersonic and
hypersonic wind tunnels, supplemented by experiments in quiet
ballistic ranges and in atmospheric flight tests. A recent review on
this subject is given by Schneider [11].

Results of ballistic-range transition experiments using smooth-
wall conical models launched at supersonic and hypersonic speeds
were reported by Sheetz [12–14], Potter [15,16], and Reda [17]. The
effects of distributed roughness on blunt-body transition at
hypersonic speeds were investigated in the ballistic-range experi-
ments of Reda [1,2], Reda and Raper [18], and Reda et al. [19]. Most
recently, the effects of isolated roughness elements on blunt-body
transition in hypersonic free flight were reported [20].

A review of roughness-dominated transition correlations for
reentry applications was given by Reda [21]. Based on analyses of
published correlations for blunt bodies, attachment lines, and
windward surfaces of lifting entry vehicles, it was found that all of
these transition correlations could be recast into and bewell modeled
by the critical-roughness-Reynolds-number concept. This concept is
attributed to Schiller [22], who hypothesized that, at some critical
value, vortices would be shed from the top of the roughness element
(s), causing an abrupt breakdown to turbulence. The critical
Reynolds numberwas based on smooth-wall laminar boundary-layer
conditions at the roughness height, and the length scale was the
roughness height. This modeling approach was further corroborated
by analyses of roughness-dominated transition databases obtained
since this 2002 review [19,20].

It is acknowledged that the assumed breakdownmechanism stated
is simplistic and poorly understood. Both Reshotko and Tumin [23]
and Schneider [24] have presented detailed discussions of potential
breakdown mechanisms associated with surface roughness.
However, a validated computational capability to predict rough-
ness-dominated transition from first principles does not yet exist.
Until such a predictive capability becomes available, the critical-
roughness-Reynolds-number approach offers a semi-empirical
methodology to designers of hypersonic flight vehicles.

Transition onset and progression over blunt (hemispherical)
shapes with distributed surface-roughness patterns induced by
laminar ablation processes are well modeled by the critical-
roughness-Reynolds-number approach [19]. Figure 1 illustrates the
sequence of events that occur on a typical hypersonic planetary entry
trajectory. For the results presented in [19], real-gas Navier–Stokes
computations were used to predict the distribution of the roughness
Reynolds number Rekk around the hemispherical shape at each of
several freestream pressures. The numerics and models employed in
the codes are described in detail in the references cited in the next
section. The critical value of 250 is first achieved at the sonic point,
and, as the freestream pressure increases (altitude decreases), the
intersection of the predicted Rekk distribution with the critical value
systematically moves forward toward the stagnation point.

What is unknown, at this point, is whether or not the critical-
roughness-Reynolds-number correlating approach can be applied

with confidence to the frusta of blunted cones with distributed
roughness, in which boundary-layer edge conditions are supersonic.
The present paper addresses this issue.

II. Pretest Computations

As with the roughened nose-tip experiments discussed in [19] and
Fig. 1, real-gas Navier–Stokes computations were used to predict
roughness-Reynolds-number distributions over blunt conic bodies
with smooth nose tips and roughened frusta. The idea of roughening
only the conic frustum was to ensure a known laminar boundary-
layer profile entering the roughened region, thus isolating the frustum
transition problem from the nose-tip transition problem. Axisym-
metric laminar-flow computations were performed using v4.02.2 of
the computational fluid dynamics (CFD) code DPLR (data-parallel
line relaxation) [25,26]. A five-species (N2, O2, NO, N, O) model
was employed for air. In all computations, thermal equilibrium was
assumed, and thermodynamic properties (enthalpy and specific heat)
of constituent species were determined using curve fits [27]. All
pretest cases were computed with a prescribed wall temperature,
equal to the wall temperature assumed to exist upstream of transition
onset. Posttest computations used the measured wall temperature
upstream of transition onset. The wall was assumed to be fully
catalytic to recombination of atomic species.

A slightly blunted cone of half-angle �c � 30 deg, at a nominal
freestream velocity of 3:4 km=s (M1 � 10) in air, was selected for
investigation. These conditions would ensure an aerodynamically
stable shapewith a supersonic edgeMach number. Sample results are
shown in Fig. 2 for the chosen nose-tip radius RN � 0:045 in:
(1.14mm) and an average surface-roughness height �k� 0:00022 in:
(5:6 �m) beginning at X=L� 0:2 and extending from there to the
base of the cone. The critical value ofRekk was unknown a priori, and
so a value of 250 was chosen as a pretest estimate.

Fig. 1 Transition onset and progression on hemispherical shapes with

distributed roughness. M1 � 12; RN � 14:3 mm; �k� 15:2 �m;
gas� air; Tw � 900 K.

Fig. 2 Transition onset and progression on frusta of small-bluntness

cones with distributed roughness. M1 � 10; RN � 1:143 mm;

half-angle� 30 deg; �k� 5:6 �m; gas� air; Tw � 650 K.
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As can be seen, for a small-bluntness tip,Rekk values increasewith
increasing distance along the roughened frustum, reaching a
maximum value at the base of the cone. If a critical value for Rekk
exists, transition onset would first be achieved at the cone base.
Systematic increases in freestream pressure (reductions in effective
altitude) would then cause the predicted crossing of the computed
Rekk distribution with the critical Rekk value to progress forward
toward the upstream-most location of the distributed roughness
pattern. This trend, if substantiated by experiment, would be similar
to that encountered for hypersonic flow over blunt, roughened
hemispheres.

III. Ballistic-Range Models

Themodel geometry was chosen for its aerodynamic stability and,
based on pretest Navier–Stokes computations, the expected laminar
boundary-layer characteristics at achievable test conditions.
The geometric parameters were �c � 30 deg; RN � 0:045 in:
(1.14 mm), smooth;DB � 1:191 in: (30.25 mm); and L� 0:994 in:
(25.25 mm), with frustum roughness beginning at X=L� 0:2. Both
titanium (6Al-4V) and stainless-steel (304) alloys were used in
model fabrication. Simple one-dimensional thermal analyses were
performed to determine the range of test conditions that would not
cause melting or ignition [28] of the nose tips. Thermophysical
properties of the alloys used were obtained from [29,30], and
stagnation-point heating rates were from the pretest CFD. Predicted
and measured stagnation-point surface temperatures were always
well below the maximum-use temperatures for both metals. Surface-
roughness distributions were created by bead-blasting methods
described in the next section. For the roughened titaniummodels, the

mean roughness height was �k� 12:3 �m, and the mean roughness
heights relative to the momentum thickness and boundary-

layer thickness at X=L� 0:2 were 0:95 � �k=� � 1:18 and

0:15 � �k=� � 0:20, respectively, for 0:074 atm � P1 � 0:15 atm.
For the roughened steel models, the mean roughness height was
�k� 5:6 �m, and the mean roughness heights relative to the
momentum thickness and boundary-layer thickness at X=L� 0:2
were 0:53 � �k=� � 0:71 and 0:09 � �k=� � 0:12, respectively, for
0:141 atm � P1 � 0:307 atm.

Figure 3a shows a photograph of a typical model, mounted in the
launch sabot with one-half of the sabot removed to reveal the full
length of themodel. Figure 3b shows a shadowgraph of this model in
flight atM1 � 10.

IV. Surface Roughness

Model frusta were roughened using bead-blasting methodologies.
Experimentation revealed that irregularly shaped, sharp-edged
particles, such as aluminum oxide, were required to sufficiently
roughen the metallic surfaces. Such particles both erode the surface
and lift up material, resulting in a surfacewith elevations both higher
and lower than the original smooth surface. Titanium was initially
selected for the models for its low thermal conductivity [29], which
provides for a more rapid increase in surface temperature during
flight. For theM1 � 10 test condition, however, freestream pressure
was limited to nomore than 0.2 atm to prevent combustion [28] of the
titanium nose tip. To achieve roughness Reynolds numbers near the
postulated critical value at these freestream pressures, a surface
roughness of 10–15 �mwas required. Subsequent experimentswere
conducted using stainless-steel models, which could be flown at
higher freestream pressures (the surface did not heat as rapidly
because of the higher conductivity of this alloy [30] compared with
Ti-6Al-4V), and required smaller surface-roughness heights to
achieve similar roughness Reynolds numbers. The titanium frusta
were roughened by impacting with 60-grit aluminum-oxide particles
(nominal particle size 250 �m). The stainless-steel models were
impacted with 120-grit aluminum-oxide particles (nominal particle
size 106 �m), and then bead blasted a second time with regularly
shaped ceramic microspheres (also 120 grit). This two-sequence
approach removed many of the largest-height roughness elements,
yielding a more uniform (smaller) height distribution.

Resultant surface-roughness patterns were measured by reflected
white light interferometry [31]. The quoted resolution and accuracy
of the instrument were 12 and 60 nm, respectively. Measurements
were made over surface areas ranging from 1 � 1 mm up to
4 � 6 mm, at a sampling step size of 1 �m in both x and y. Figures 4a
and 4b show representative measured surface elevations over a small
surface area for each bead-blasting procedure. Similarmeasurements
were made on multiple roughened surfaces and at multiple areas on
each surface.

As can be seen in Fig. 4, the surface roughness consists of a fine-
scale, high-wave-number (short wavelength) surface height
fluctuation superimposed on a field of larger-scale structures. These
larger-scale structures were considered to be the characteristic
roughness elements, and the surface roughness was characterized by

the average height �k of these roughness elements. A topographical
analysis was performed on the measured surface elevation maps to
identify individual roughness elements. One such roughness element
identified in the data set shown in Fig. 4b is shown, and enlarged in
Fig. 4c. Measured height profiles, one profile taken through the
center of the roughness element and a second taken alongside
the roughness element, are shown in Fig. 4d to illustrate the short-
wavelength height fluctuations that are not associated with
characterizing a roughness element. Figure 5 shows measured
roughness elevations on a stainless-steel model taken on multiple
axial cut planes; smooth-to-rough transition occurs at X=L� 0:2. A
single profile through the roughness distribution is unlikely to pass
through the peak ofmany roughness elements, as illustrated in Fig. 4,
and so will generally show heights lower than the mean roughness-
element height. The resultant roughness-element-height distribu-
tions for the two cases shown in Fig. 4 are presented in Fig. 6. The
roughness-element-height distribution on the titanium is clearly less
uniform than on the steel models, with a longer tail of less-frequently
occurring, large-height roughness elements.

Roughness-element heights were measured relative to the
unimpacted (smooth) surface elevation. Surface depressions below
the smooth-wall referencewere not included in the determinations of
the roughness distributions shown in Fig. 6. Depressions below the

Fig. 3 a)Model mounted in launch sabot with two of four sabot fingers

removed; b) model in flight atM1 � 10.
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initial smooth-wall surface were reasoned to be stagnant fluid zones,
since the incoming laminar boundary layer developed over the
smooth-wall surface. This is in contrast to the roughness height
definition for the laminar-ablated nose-tip problem [19], wherein the
distributed roughness extends to the stagnation point, hence no
smooth surface exists upstream of the roughness.

V. Experimental Approach

The experiments were performed in the Hypervelocity Free-Flight
Aerodynamic Facility at NASAAmes Research Center. The ballistic
range, shown in Fig. 7, employs a two-stage light-gas gun to launch
individual models on trajectories through a quiescent, controlled-
atmosphere test section. The gun used has an inner diameter of
38.1 mm (1.5 in.), and the test section is 1 m across at midrange and
23m long, measured from the first optical measurement station to the
last. The models are in flight for an additional 10 m from the exit of
the gun barrel to the first optical measurement station, during which
time the launch sabot is separated from the model by aerodynamic
forces and trapped in the separation tank. There are 16 optical
measurement stations, spaced 1.524m (5 ft) apart, along the length of
the test section. Each station is equipped with orthogonal-viewing

parallel-light shadowgraph cameras and high-speed timers for
recording the flight trajectories. Pitch and yaw angles weremeasured
from orthogonal-view shadowgraphs taken atmultiple stations along
each range trajectory. For the shots reported here, the maximum total
angle of attackwas less than 1.6 deg, and themodels executed 1 to 1.5
oscillation cycles, depending on freestreampressure, between launch
and the last measurement station.

Models described in Sec. III were launched without spin at a
nominal velocity of 3:4 km=s (11; 150 ft=s) into quiescent room
temperature air, yielding a freestream Mach number of 10 and an
edge Mach number between 2.1 and 2.6 at the beginning of the
roughness, reaching Mach 3.5 asymptotically at X=L� 0:8, for the
freestream pressures of these tests. Freestream static pressure was
systematically varied over the range 0:074 atm � P1 � 0:307 atm
to vary the primary independent variable Rekk.

For these experiments, three of the optical measurement stations
were equipped with high-speed thermal imaging infrared (IR)
cameras to record the instantaneous global surface intensity

Fig. 4 Measured surface elevations: a) single bead-blasting procedure applied to titanium models, �k� 12:3 �m; b) two-sequence bead-blasting

procedure applied to stainless-steelmodels, �k� 5:6 �m; c) individual roughness element; andd) surface height profiles throughandbeside the roughness

element.

Fig. 5 Multiple parallel cuts taken axially through the surface elevation

data set for a steel model. Fig. 6 Measured surface-roughness distributions.

REDA, WILDER, AND PRABHU 2251

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IS

SO
U

R
I-

C
O

L
U

M
B

IA
 o

n 
M

ar
ch

 1
8,

 2
01

3 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.J

05
16

16
 



distributions on the models: two cameras imaged one side of each
model at the beginning and end of the range, respectively, while a
third camera imaged the opposite side of each model at midrange.
These IR cameras were sensitive to the 3–5 �m IRwavelength band.
All images were recorded with a 1 �s exposure time, and exposure
level was controlled with neutral density filters having optical
densities ranging from 0 to 1. The minimum detectable temperature
was typically between 400 and 500 K, depending on the filter
selection.

The cameras were located outside the test section, and used first-
surface aluminumplanemirrors placed inside the test section, just off
the line of flight (as illustrated in Fig. 7), to view the models. An
example image is shown in Fig. 8a. Themodels were imaged from an
angle between 20 and 25 deg off the nominal flight line, or as nearly
head on as possible, using a telephoto lens from a long distance
relative to the model dimensions. As a consequence, only the
component of motion normal to the image plane significantly
contributed to motion blur. The motion normal to the image plane in
1 �s was between 4 and 6% of the model length, or approximately
2 pixels. The standard deviation in the transition-front location, when
averaged circumferentially around a model, was between 1 and 7%
of the model length.

The shock-layer gases of the bow shock radiate slightly in the IR
wavelengths for the conditions of these experiments and have the
potential to bias the surface-temperature measurements. A localized
plume of helium was created to temporarily quench this gas-cap
radiation at each imaging station, as discussed in [32]. The model
was in the helium less than 0.5% of the total flight time, thus its effect
on the integrated convective heating over the entire trajectory was
minimal.

Camera calibration procedures outlined in [32,33] were employed
to convert intensity images to global surface-temperature images (see
Fig. 8b). The response of each camera was calibrated against a
blackbody radiation standard by imaging the blackbody source on an

optical path equivalent to that employed in the ballistic-range tests.
The standard deviation of temperature measurements of the
calibration source was less than 5 K, for both spatial and temporal
variations.

Transition-front locations were determined by identifying the
axial locations where the measured wall temperature rose above, and
stayed above, the smooth-wall temperature at the start of the
roughness. This is illustrated in Fig. 9 for a representative axial
temperature profile obtained in one test of this series.

Oblique views of the left and right sides of the model acquired at
sequential stations were mapped to a single surface grid to determine
a composite transition front around the model surface. Figure 10

Fig. 7 The NASA Ames Research Center free-flight ballistic range.

Fig. 9 Transition-front determination methodology: titanium cone,

M1 � 10, P1 � 0:132 atm.

Fig. 8 Oblique view of a stainless-steel model, M1 � 10, P1�
0:225 atm: a) IR image; b) surface-temperature distribution.

Fig. 10 Composite of two oblique-view IR imagesmapped to a common

surface grid, titanium cone, M1 � 10, P1 � 0:141 atm.
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shows an example composite image and transition front. The left side
of this composite is cooler than the right because that image was
acquired earlier in the flight; however, the transition front is
continuous. Arithmetic average transition-front locations taken from
such composite transition-front distributions were then used to
correlate the transition onset and progression results shown in the
subsequent section.

VI. Results

Transition-front forward progression as a function of freestream
static pressure is summarized in Figs. 11 and 12. For the roughened
titanium frusta (Fig. 11), the transition front first occurred near the
base of the cone and progressed forward with increasing freestream
static pressure (freestream Reynolds number). No transition front
was observed on an all-smooth model (not shown). Consistent with
the wide range of surface-roughness-element heights measured on
the titanium models (single bead-blasting procedure of Fig. 5), the
observed transition fronts were initially ragged, as if formed by the
merger of individual turbulent wedges emanating (presumably) from
the highest peaks in the roughness distribution. As the transition front
progressed forward, it became more uniform.

Similar trends were observed for the stainless-steel models
(Fig. 12). In these cases, however, the more-uniform surface-
roughness distribution created by the double-bead-blasting
procedure (see again Fig. 5) yielded less circumferential variability

in observed transition-front contours. Here also, the mean transition
front was first observed near the cone base, progressing forward with
increasing freestream static pressure (freestream Reynolds number).

Figure 13 presents combined results for both of the roughness
distributions of Fig. 5. Critical roughness Reynolds number for
transition is shown as a function of the average transition-front
location along the roughened frusta. The horizontal error bars
represent one standard deviation from the mean transition-front
location for a given model (single shot), and indicate the uniformity
of the transition fronts (compare the local transition fronts to the
mean transition fronts in Figs. 11 and 12). The vertical error bars
represent the standard deviation of mean Rekk;TR for all shots (steel
and titanium) in this data set (eight shots). This value was used to
capture the shot-to-shot variations in the correlation. For individual
shots, the standard deviation of Rekk;TR around the local transition
front was an order of magnitude lower (not shown). These results are
slightly modified from those presented in the original meeting paper
[34] in that posttest, as-measured trajectory, and surface-temperature
distributions were employed in the final Navier–Stokes computa-
tions.

Observed transition-front progression over the roughened frusta
occurred for an essentially constant value of the critical roughness
Reynolds number, the average value of this correlating parameter
being 266� 20%, in agreement with the critical value of 250� 20%
determined for transition on rough blunt bodies in hypersonic free
flight [19].

It can be seen in Fig. 13 that the critical roughness Reynolds
numbers obtained on the titanium models fall above the average
value, whereas those obtained on the steel models fall below the
average value. This is attributed to the skewness differences in the
roughness distributions formed on eachmaterial, as was discussed in
Sec. IV. Reevaluating Rekk;TR at the most frequently occurring (most

Fig. 11 Results for titanium cones with distributed surface roughness,

M1 � 10, �k� 12:3 �m: a) P1 � 0:074 atm; b) 0.100 atm; c) 0.132 atm;

d) 0.141 atm; e) 0.150 atm.

Fig. 12 Results for stainless-steel cones with distributed surface

roughness, M1 � 10, �k� 5:6 �m: a) P1 � 0:141 atm; b) 0.184 atm;

c) 0.225 atm; d) 0.266 atm; e) 0.307 atm.

Fig. 13 Transition-front forward progression over roughened frusta.

Fig. 14 Transition-front forward progression over roughened frusta.
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probable) roughness-element height in each distribution, rather than
the average height, results in an average critical roughness Reynolds
number of 210� 12%, with the titanium and steel model results in
closer agreement with each other, as shown in Fig. 14.

VII. Conclusions

The critical-roughness-Reynolds-number correlating approach
was found to well model transition onset and progression over
roughened conic frusta of slightly blunted, smooth-tipped cones in
hypersonic free flight. When using the average roughness-element
height to characterize the roughness distribution, the critical value of
the roughness Reynolds number for transition was found to be
266� 20%. When using the most frequently occurring roughness-
element height to characterize the roughness distribution, the critical
value of the roughness Reynolds number for transition was found to
be 210� 12%. Both results are in agreement, within experimental
uncertainty, with the critical value of 250� 20% determined in
earlier experiments for transition on rough blunt bodies in hypersonic
free flight.
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