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Effect of Isolated Roughness Elements on Boundary-Layer
Transition for Shuttle Orbiter
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A 1.75% scale model of the Shuttle Orbiter has been tested in the Mach 8 Tunnel B at the Arnold Engineering
Development Center with and without isolated roughness elements. Heat � ux gauges on the windward surface
permitted the evaluation of heat transfer distributions and boundary-layer transition trends on the Orbiter’s
windward surface. Thedata obtainedduring the current programhavebeen reviewed andcomparedwith transition
results from previous tests using both a smooth model and those with distributed roughness. Results indicated that,
for many test conditions, a single, relatively small roughness element can be effective in promotingboundary-layer
transition, i.e., moving transition close to the roughness element.

Nomenclature
b = model span, 16.4 in.
h rat;SS = numerator is the dimensionless heat transfer

coef� cient for the data with the roughness
element(s) at the indicated freestream Reynolds
number; denominator is the dimensionless heat
transfer coef� cient for the data obtained on the
smooth con� guration at the same Reynolds number
and at the same angle of attack

h ref = heat transfer coef� cient obtained using the Fay and
Riddell11 relation with a 0.0175-ft-radiussphere

h=h ref = dimensionlessheat transfer coef� cient; recovery
factor of unity

k = height of the roughness element
L = length of the model, 22.58 in.
Me = edge Mach number
Rek = roughness Reynolds number using � ow properties

at the top of the roughness element, ½kUkk=¹k

Rek;RE = roughness Reynolds number evaluated at the
isolated roughness element

Rek;x D 0:1L = roughness Reynolds number evaluated at
x D 0:1L

Rex = Reynolds number based on the local � ow
properties at the edge of the boundary layer and the
axial coordinate

Reµ = momentum thickness Reynolds number
Re1;L = Reynolds number based on the freestream

conditions and the model length
Tt = total temperature
Tw = wall temperature
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x = axial distance; see Fig. 2
x=L = nondimensionalizedaxial distance
xRE = x coordinate of the roughness element
xtr = axial location of boundary-layer transition
xtr;s = x coordinate for transition on the smooth model
y = lateral distance; see Fig. 2
yRE = y coordinate of roughness element
2y=b = nondimensionalizedlateral distance
® = angle of attack
±¤ = displacement thickness
±¤

RE = displacement thickness at the roughness element
µ = momentum thickness

Introduction

S PECIFICATION of criteria that can be used to predict when
boundary-layer transition would occur during the � ight of any

vehicle, regardlessof its speed range, has been, is, and will remain a
challenge to the designer. The complexity of the transition process
makes it extremelydif� cult to developanalyticalmodels that follow
the growth of unstable disturbances until they amplify to the point
that the boundary layer becomes transitional, as might be indicated
by an increase in the local heat transfer rate above the level charac-
teristic of a laminar boundary layer.Thus, the designersof a vehicle
often turn to correlationsbasedon experimentaldata for criteria that
can be used to predict when boundary-layertransition would occur
for the desired application.

The designers of the Space Shuttle Orbiter made extensive use
of wind-tunnel tests to develop correlations to predict the onset of
boundary-layertransition.The Orbiter’s blunt nose and large angles
of attack during re-entry (in the range of 30–40 deg) ensure that the
� ow� eld will be that for a blunt body with cross� ow. Transition lo-
cations determinedfrom the heat transferdistributionsobtainedon a
smoothmodel1 served as the reference transition locations.Because
thewindwardsurfaceof the Orbiter is composedof a largenumberof
thermalprotectiontiles, the transitioncriteriamust include theeffect
of the distributed roughness arising from joints and tile misalign-
ments. To study the effect of tile misalignment on boundary-layer
transition, heat transfer data were obtained using Orbiter models in
which a herringbone pattern of misaligned tiles (symmetric about
the plane of symmetry) covered the windward surface of the Or-
biter model up to the tangent line of the chines from x D 0:02L
to 0:80L (Ref. 2). The raised tiles, which were selected randomly,
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represented 20% of the tiles in the area of interest. Heat transfer
data were obtained for misaligned tile heights of either 0.001 in.
.4:43 £ 10¡5 L/ or 0.002 in. .8:86 £ 10¡5 L/. From these tests, it
was learned that surface roughness had no measurable effect on the
transition location until Rek;x D 0:1L D 30. Thus, 30 is the incipient
value of Rek;x D 0:1L . The transition location moves slowly forward
until Rek;x D 0:1L D 110, which is the critical value. Above this criti-
cal value, transition moves rapidly forward until Rek;x D 0:1L D 180,
when transition is at its upstream-most location. Because the mis-
alignedtiles now serveas effectivetrippingdevices,180 is the effec-
tive value of Rek;x D 0:1L : Using these data, a transitionmethodology
was developed at the NASA Johnson Space Center (JSC) to make
pre� ight assessments of the effects of surface roughnesson the Or-
biter boundary-layer transition.

The development � ight instrumentation provided heat transfer
distributions, which were used to determine the boundary-layer-
transition locations from the � rst � ve � ights of the Space Shuttle
Orbiter, designated STS (space transportation system)-1 through
STS-5. Analysis of these boundary-layer-transition data led to the
conclusion“that accuratepredictionsof transitiontimescanbemade
for theorbiterat hypersonic� ightconditionsbyusingthe roughness-
dominated wind tunnel data.”3 Bouslog et al.4 reported that, for
a typical re-entry, boundary-layer transition occurred 1200 s after
the Orbiter passed the entry interface, at an altitude of 156,000 ft,
where the freestream Mach number was approximately 8 and the
freestream Reynolds number was approximately8 £ 106 (based on
the vehicle length).

However, the temperaturehistorieson certain Orbiter � ights have
indicatedheating to the windward surface of the Orbiter well above
the nominal values. Furthermore, control-surface de� ections and
reaction-control-jetactivityhave indicatedunusuallyhigh moments
acting on the vehicle. The anomalous behavior has been attributed
to early and/or asymmetric boundary-layer transition. During the
STS-28 � ight, surface thermocouples indicated that transition be-
gan 900 s into the entry, when M1 was 18 and the altitude ap-
proximately 206,000 ft (Ref. 5). The premature onset of transition
as observed during the entry of STS-28 has been attributed to two
gap � llers protruding into the boundary layer.5 During the � ight of
STS-50, Orbiter elevon de� ections and yaw reaction-control-jet� r-
ings indicated that the vehicle experienced a yawing moment at the
same time as the onset of boundary-layer transition. Surface ther-
mocouples indicated that boundary-layertransition occurred on the
right side of the vehicle 80 s before occurring on the left side. Thus,
the asymmetriconset of boundary-layertransition is consistentwith
indications of a yawing moment at the same time.

Although these data were well within the design limits for the
Shuttle Orbiter, there was concern because these measurements in-
dicated signi� cant deviations from the expected environment. To
investigate these anomalies, two experimental investigations were
conducted in 1995 to increase the understanding of the effects of
isolatedroughnesselementson boundary-layertransitionon the Or-
biter. Data were obtainedusing a 0.0075-scalemodel in the Mach 6
wind tunnel at the NASA Langley Research Center.4 The data that
are discussedin the presentpaperwereobtainedin a wind-tunneltest
program in which isolated roughness elements were placed at vari-
ous locations on a 0.0175-scalemodel of the Space Shuttle Orbiter
that was tested in TunnelB of the Arnold EngineeringDevelopment
Center (AEDC). Heat transfer data were obtained at a freestream
Mach number of 8, with freestream Reynolds numbers, based on
model length, from 1:158 £ 106 to 6:800 £ 106, and at angles of
attack of 35, 38, and 40 deg. For a more detaileddiscussionof these
data, the reader is referred to Refs. 6 and 7.

Experimental Program
Model

A 0.0175-scalemodel of the Shuttle Orbiter 29-O, per Rockwell
drawing VL 70-000139, was tested in Tunnel B at AEDC in June
1995. As indicated in Fig. 1, the characteristic dimension of the
Shuttle Orbiter model was its body length .L/, which was 22.58 in.
The wing span was 16.4 in. The body � ap was set at 0-degde� ection
angle. Also, note that the vertical tail and the orbital maneuvering
system pods were not represented on the wind-tunnel model. Of
course, because the focus of the present wind-tunnel test was the

Table 1 Con� gurations

S1: Reference, smooth con� guration
S2: E-2 .xRE D 0:258L , 2yRE D 0:043b, k D 0:005 in.)

and I-2 .xRE D 0:375L , 2yRE D 0:146b, k D 0:006 in.)
S3: A-2 .xRE D 0:050L , 2yRE D 0:000b, k D 0:004 in.)
S5: G-2 .xRE D 0:375L , 2yRE D 0:000b, k D 0:006 in.)

or G-3 .xRE D 0:375L , 2yRE D 0:000b, k D 0:015 in.)
S6: C-3 .xRE D 0:070L , 2yRE D 0:030b, k D 0:008 in.)

or C-4 .xRE D 0:070L , 2yRE D 0:030b, k D 0:015 in.)
S10: J-2 .xRE D 0:575L , 2yRE D 0:000b, k D 0:010 in.)

and K-3 .xRE D 0:620L , 2yRE D 0:366b, k D 0:008 in.)
S11: F-3 .xRE D 0:285L , 2yRE D 0:107b, k D 0:015 in.)

Fig. 1 Sketch of the MH-11 model.

� ow� eld on the windward surface, the absenceof these featureswill
not affect the results.

A majority of the parts used in the fabricationof the currentwind-
tunnel model, which is designatedMH-11, came from a model used
in earlier test programsconductedin TunnelB of AEDC. The objec-
tivesof theseearlier test programsincludeddeterminingtheeffectof
randomly misaligned tiles on the boundary-layer transition criteria
to be used for the re-entry of the Space Shuttle Orbiter. Therefore,
for the model used in the earlier test programs,2 which was desig-
natedMH2B, 20% of the tiles (selectedat randomfrom the � rst 80%
of the windward surface) protuded approximately 0.0020 in. above
the surroundingsurface. The MH2B model was machined until the
� nish of the windward surface for the MH-11 model was 0.0010 §
0.0005 in. This served as the nominal � nish of the reference smooth
con� guration (S1) of the present test program.

The purpose of the present test program was to determine the
effect of speci� c, discrete roughness elements on the transition of
the boundary layer on the windward surface of the Space Shuttle
Orbiter. Therefore, the model was designed so that one could at-
tach roughness elements at 11 different locations on the windward
surface, as shown in Fig. 2. In reality, the con� gurations tested em-
ployed either a single roughness element or a pair of roughness
elements. A sketch of a roughness element is provided as an in-
set to Fig. 2. Note that, because the roughness element represented
protruding gap � ller, it was oriented on the model such that it was
approximately45 deg to the model centerline.The locationand size
of the roughness element(s) for the seven con� gurations for which
data have been obtained are presented in Table 1. The reader can
see that, for two of the con� gurations, S5 and S6, either one of
two different height roughness elements was placed at the speci� ed
location. Two of the con� gurations, S2 and S10, have roughness
elements at two different locations at the same time.
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Fig. 2 Location of the heat � ux gauges and the roughness elements on the model windward surface (with a typical roughness element).

Fig. 3 Streamline patterns for an angle of attack of 40 deg, heat trans-
fer gauges, and locations of roughness elements for the 0.0175-scale
Orbiter model.

The modelwas instrumentedwith 55 coaxialheat transfergauges,
the locationsof which are indicatedin Fig. 2. The coaxialheat trans-
fer gauges, which were 0.125 in. in diameter, utilized a chromel-
constantan thermocouple to provide the temperature needed to de-
termine the heat transfer rate to a point on the model surface.

The locations of the roughness elements and of the heat transfer
gauges in relation to the streamlines and to the attachment lines are
presented in Fig. 3. Flow inboard of the attachment line � ows over
the windward surface; � ow outboard of the attachment line � ows
around the edges and onto the leeward surface.The inviscid stream-
lines (the � ne lines of Fig. 3, bounded by the inviscid attachment
line)were determinedusingthe surfacevelocitiesas computedusing
an Euler code (IEC3D).8 The viscous attachment line (a bold line
of Fig. 3) represents the viscous shear stress vector at the surface

of the Orbiter model, as computed using the LAURA code.9 The
computed streamlines are for the test conditions corresponding to
a freestream Mach number of 8 and a Reynolds number based on
the freestream conditions and on the model length of 1:9 £ 106.
Based on the streamline patterns, the present authors believe that
the transition locations inboard of the attachment lines are not sig-
ni� cantly affected by cross� ow. Note that roughness elements C,
F, and I are located near the attachment line, when the model is at
an angle of attack of 40 deg. Transition at these locations may be
affectedby cross� ow, dependingon the exact location of the rough-
ness element relative to the attachment line. Roughness element F
(located at x D 5:83 in.) is inboard of the inviscid attachment line
and outboard of the viscous attachment line. Roughness element I
(located at x D 8:47 in.) lies on the viscous attachment line, well
inboard of the inviscid attachment line.

Tunnel Test Conditions
Data were obtained in Tunnel B at AEDC at a nominal Mach

numberof 8 for anglesof attackof 35,38, and40deg.The conditions
in the stillingchamber includeda totalpressure pt1 in the range100–

851 psia and a total temperature Tt1 in the range 1235–1343±R. As
a result, the Reynolds number based on the freestream conditions
and the model length, i.e.,

Re1;L D ½1U1 L

¹1
(1)

ranged from 1:158 £ 106 to 6:800 £ 106 . In the presentationof the
data, ReL will be used to represent the Reynolds number (based on
the freestream conditions and the model length) in millions. This
shorthand notation will eliminate clutter in the legends used in the
graphs. In essence,

ReL D Re1;L £ 10¡6 (2)

Measurement uncertainties are a combination of bias and pre-
cision errors. The data uncertainties for the measurements were



BERTIN ET AL. 429

Table 2 Correlation parameters for boundary-layer transition in the windward pitch plane
of the smooth Shuttle Orbiter

Run Con� gurations ReL Tw=Tt xtr;s=L Me Rex .£10¡6/ Reµ Reµ =Me

Previous data: ® D 30 deg (Ref. 2)
—— OH4A 7.004 0.400 0.55 —— 1.383 —— 234
—— OH4A 5.619 0.405 0.60 —— 1.399 —— 218
—— OH4A 4.666 0.412 0.70 —— 1.402 —— 216
—— OH4A 3.655 0.411 0.75 —— 1.212 —— 200

Present data: ® D 35 deg
117 S1R27 6.712 0.370 0.40 1.98 1.39 400 202
119 S1R37 5.631 0.377 0.50 2.09 1.68 441 211
121 S1R35 4.704 0.386 0.55 2.14 1.60 431 201
123 S1R39 3.748 0.385 0.65 2.25 1.68 438 195
125 S1R43 2.814 0.397 0.80 2.40 1.75 444 185

Present data: ® D 40 deg
116 SIR25 6.736 0.374 0.40 1.61 1.12 369 229
118 SIR29 5.613 0.370 0.50 1.69 1.34 400 237
126 SIR45 5.093 0.395 0.55 1.73 1.39 407 235
120 SIR33 4.712 0.384 0.55 1.73 1.28 392 227
122 SIR37 3.767 0.385 0.60 1.77 1.18 376 212
124 SIR41 2.853 0.395 0.80 1.90 1.29 400 211

determined from in-place calibrations through the data recording
system and the data reduction program. Propagation of the bias and
of the precision errors through the calculated parameters10 yielded
the following uncertainties for the tunnel test conditions: pt1; §0.3
psia; Tt1; §4±F; M1; §0:03; and Re (per foot), §1:32% of reading.

Data
The local heat transfer rates are presented as the dimensionless

ratio h=h ref . The heat transfercoef� cient in thenumeratoris basedon
the measured heat transfer rate for the gauge of interest. The refer-
ence heat transfer rate used in the denominatorwas the equilibrium
heat transfer rate to a sphere whose radius was 0.0175 ft, which is a
1-ft sphere reduced to the scale of the test model, as computedusing
the relationsof Fay and Riddell.11 Both for the numeratorand for the
denominator,the heat transfer coef� cients were based on a recovery
factorof 1. A statisticalanalysisof the data from severalgauges was
made (by personnel at AEDC) to determine the consistency of the
data within a test run.1 This procedure allowed one to account for
data system noise and data reduction effects on the results. For heat
transfer rates of 5.0 Btu/ft2s, or more, the uncertainty is 7%; for
heat transfer rates of 1.0 Btu/ft2s, the uncertainty is 10%; and for
heat transfer rates of 0.5 Btu/ft2s, the uncertainty is 25%. For this
analysis, the uncertainty represents two standard deviations,which
includes 95% of the data. At the highest Reynolds number of the
present tests, when the boundary layer was turbulent on the model
at an angle of attack of 40 deg, the experimental values of the local
heat transfer rate were as high as 15 Btu/ft2s. At the lowest Reynolds
number, when the boundary layer was laminar on the model at an
angle of attack 35 deg, the experimental values of the local heat
transfer rate were as low as 1.0 Btu/ft2s.

Discussion of Results
Boundary-Layer Transition on the Smooth Model

As noted in a preceding section, an existing model was machined
until the � nish of the windward surfaceof the presentMH-11 model
was 0.0010 § 0.0005 in. Because the model used in the present
program as the reference smooth con� guration (S1) was not really
smooth, special runs were made to determinethe transitionlocations
for the reference smooth S1 model.

The onset of boundary-layer transition for the S1 model can be
seen in the heat transferdistributionspresentedin Fig. 4 for an angle
of attack of 40 deg. Note that, for every Reynolds number for which
data were obtained, there is some x location on the model at which
the experimental heat transfer coef� cients begin to increase signi� -
cantlyabovethe valuescomputedfor a laminarboundarylayer using
the BLIMP code.12 The departureof the measuredheat transfer from
the laminar theory is attributed to the onset of boundary-layer tran-
sition. Although the experimentally observed increase is relatively
small for ReL D 2:853, the data nevertheless indicate the onset of
boundary-layer transition at x D 0:80L (see Ref. 7). Note that, as

Fig. 4 Heat transfer distributions for the plane of symmetry of the
smooth model (S1) at an angle of attack of 40 deg.

Fig. 5 Streamwise distribution of the Shuttle Orbiter transition cor-
relation parameter (Reµ /Me ).

would be expected, the onset of transition moves upstream toward
the nose as the freestreamReynoldsnumber increases.The peak and
the subsequent decrease evident in the experimentally determined
heat transfer distributions at the higher freestream Reynolds num-
bers indicate that the boundary layer near the aft end of the model is
probably fully turbulent. The transition locations determined from
the heat transfer distributionspresented in Fig. 4 are summarized in
Table 2. Also included in Table 2 are the values of transition-related
parameters, such as Rex , Reµ , and Reµ =Me , evaluated at the point
associated with the onset of boundary-layer transition. The reader
may recall that the parameter Reµ =Me was commonly used in the
pre� ight predictions for the onset of boundary-layer transition for
the smooth Shuttle Orbiter.2

Values of the Shuttle Orbiter transition correlation parameter
Reµ =Me are presented in Fig. 5. Data for ® D 30 deg from the
previous OH4A test program2 and for ® D 35 and 40 deg from the
presentprogramare comparedwith the JSC smooth-bodytransition
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Table 3 Correlation parameters for boundary-layer transition with a roughness element in the windward pitch plane of the Shuttle Orbiter

Run Con� gurations ReL Tw=Tt xtr=L (xtr ¡ xRE/L Rek;RE k=±¤
RE .Reµ /RE .Reµ =Me/RE

Present data: ® D 35 deg; A-2 (xRE D 0.050L, k D 0:004 in.)
151 S3R3 4.698 0.396 0.050 0.000 209 2.32 85 88

Present data: ® D 35 deg; G-3 (xRE D 0.375L, k = 0.015 in.)
63 S5R11 4.706 0.377 0.375 0.000 1439 2.43 317 162
66 S5R15 3.775 0.381 0.375 0.000 1107 2.08 285 145
69 S5R19 2.826 0.395 0.375 0.000 778 1.81 247 125
72 S5R23 1.918 0.416 0.375 0.000 446 1.37 199 102
73 S5R25 1.164 0.423 ——a W.L. 261 1.12 159 82

Present data: ® D 35 deg; J-2 (xRE D 0.575L, k D 0.010 in.)
93 S10R3 4.712 0.387 0.575 0.000 807 1.19 445 205
95 S10R7 3.756 0.385 0.575 0.000 600 1.07 398 184
97 S10R11 2.769 0.397 0.575 0.000 397 0.90 344 159
100 S10R19 2.495 0.414 0.750 0.175 327 0.79 316 147
99 S10R15 1.909 0.417 W.L. W.L. 221 0.69 280 130

Present data: ® D 40 deg; A-2 (xRE D 0.050L, k D 0.004 in.)
150 S3R1 4.714 0.413 0.150 0.100 197 2.64 79 93
152 S3R5 3.785 0.399 0.400 0.350 155 2.32 71 84
153 S3R9 3.190 0.400 0.750–0.800 0.700–0.750 143 2.08 65 76

Present data: ® D 40 deg; G-2 (xR E D 0.375L, k D 0.006 in.)
162 S5R5 3.814 0.397 0.375 0.000 263 0.94 262 166
163 S5R9 2.838 0.401 0.450 0.075 173 0.79 227 144
164 S5R15 2.344 0.405 W.L.b W.L. 137 0.70 205 130

aHeat transfer was locally perturbed but quickly returned to the laminar level. bW.L. D wholly laminar.

Fig. 6 Effect of the G-3 roughness element on the heat transfer distri-
butions in the plane of symmetry with the S5 model at an angle of attack
of 35 deg.

correlation.2 The experimental values of Reµ =Me at the transition
locationfor the S1 model of the presenttests are in reasonableagree-
ment both in magnitude and in the streamwise (or x ) dependence
with the experimental values from the previous program and with
the JSC smooth-body transition correlation. The agreement exists
despite the fact that the nominal surface � nish of the smooth S1 con-
� guration included 20% of the tiles misaligned as much as 0.0010
§ 0.0005 in. above the surrounding surface. In previous tests, the
heat transfer distributionsobtained on the MH2A model with 20%
of the tiles (selected at random) misaligned by 0.0010 in. had a rel-
atively small (albeit, measurable) effect on the boundary-layertran-
sition location.2;13 Because the smooth model in the present tests
had a 1-mil distributed roughness, the boundary layer was proba-
bly perturbed, even though there was little or no movement of the
experimentally determined onset of transition location.

Boundary-Layer Transition for Roughness Elements
in the Plane of Symmetry

Heat transfer distributions were obtained with roughness ele-
ments located in the plane of symmetry at A, G, or J. At A, the
roughness element was in a region where the inviscid local Mach
number was just below 1 and there was a strong favorable pressure
gradient. When the roughness element was at G or J, it was in a
region where the local, inviscid Mach number was between 1.5 and
2.2 and the streamwise pressuregradientwas relativelysmall. Thus,
the roughness elements were in two very different environments.

The heat transfer distributions for the plane of symmetry of the
Orbiter at an angle of attack of 35 deg are compared in Fig. 6 for

the model with and without the G-3 roughness element (con� gura-
tion S5). For the smoothmodel, boundary-layertransitionoccurs for
all three test conditions,movinggraduallyupstreamas the Reynolds
number increases. However, for the same three Reynolds numbers,
transition is � xed at the roughness element, i.e., x D 0:375L . Al-
though the values of the transition parameter at the roughness ele-
ment .Reµ =Me/RE are in the range of 125–162 (signi� cantly below
the smooth-bodycorrelation of Fig. 5), the values of the roughness
Reynolds number at the roughness element Rek;RE are very high
(in the range 778–1439). Thus, at these conditions, a 15-mil rough-
ness element at G serves as an effective tripping device. Clearly,
if the roughness Reynolds number is suf� ciently high, a rough-
ness element can serve as an effective tripping device in regions
where the transition parameter .Reµ =Me/ is relatively low. Recall
that a roughness element is an effective tripping device if it causes
boundary-layertransition to occur at a point just downstream of the
element.

The heat transfer distributions from the plane of symmetry of
the Orbiter at an angle of attack of 35 deg are presented in Fig. 7
for all � ve test conditions with the G-3 roughness element. Note
that a signi� cant increase in heat transfer occurs just downstreamof
the roughness element at every Reynolds number for which data
were obtained. At the lowest Reynolds number for which data
were obtained (ReL D 1:164), the heat transfer quickly returns
to the laminar levels, indicating that boundary-layer transition did
not occur. Referring to the roughness-relatedparameters presented
in Table 3 for ReL D 1:164, Rek;RE D 261, k D 1:12±¤

RE, and
.Reµ =Me/RE D 82. Because the boundary-layer transition param-
eter is very low [in this case, .Reµ =Me/RE D 82], the roughness
element apparentlydoes not trip the boundary layer, despite the fact
that Rek;RE is relatively high, i.e., 261. Thus, the boundary layer
appears to be stable for these roughness-induceddisturbances, and
the heating quickly returns to the laminar level. For ReL D 1:918;
while the roughness-induced� ow� eld perturbationsproduce a sig-
ni� cant increase in heat transfer to the gauge at x D 0:40L , the
heating pauses at x D 0:45L before exhibiting the streamwise in-
crease characteristic of a transitional boundary layer. Note that the
heat transferdistributionin the transitionalregionis markedlydiffer-
ent from that for the three higher Reynolds numbers. Nevertheless,
transition for this run (run 72) is assumed to be � xed at the rough-
ness element, resulting in the value of .xtr ¡ xRE/=L D 0:000 in
Table 3.

The heat transfer measurements for con� guration S5 at an angle
of attack of 35 deg, when the Reynolds numberwas 4:706£106, are
presented in Fig. 8 as the ratio h rat;SS. The numerator of h rat;SS is the
dimensionless heat transfer coef� cient h=href for the data obtained
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on the con� gurationof interestat the freestreamReynoldsnumberof
interest; e.g., for Fig. 8, the con� guration of interest (con� guration
S5 for thesedata) has the G-3 roughnesselement, and the freestream
Reynolds number of interest is 4:706 £ 106 , or ReL D 4:706. The
denominatorfor hrat;SS is the dimensionlessheat transfer coef� cient
h=h ref for the data obtained on the smooth con� guration (S1) at the
same freestream Reynolds number and at the same angle of attack
of 35 deg. The use of data obtained on the smooth con� guration at
the same freestreamReynolds number for the denominator leads to
the nomenclature SS in hrat;SS. Note that the Reynolds number in
the � gure caption is that for the test conditions for the data in the
numerator.

Thus, the ratio h rat;SS is a measure of the roughness-inducedper-
turbation to the heat transfer. Values of hrat;SS less than 1.10 are
considered within the experimental accuracy of the data and are
represented by the open symbols at the heat transfer gauges. Con-
sider the values of hrat;SS for ReL D 4:706, which are presented in
Fig. 8. Most of the signi� cant perturbations to the heat transfer are
sensed by gauges in and near the plane of symmetry. Exceptions
occur at three gauges near the wing root. The values of h rat;SS at

Fig. 7 Effect of the freestream Reynolds number on the plane-of-
symmetry heat transfer distributions with the S5 model (G-3 roughness
element) at an angle of attack of 35 deg.

Fig. 8 Perturbed heating patterns on the S5 model (with the G-3 roughness element) at an angle of attack of 35 deg with ReL = 4.706.

these three gauges are 1.12, 1.13, and 1.20 (moving in the stream-
wise direction). If these perturbationsare indeed signi� cant, i.e., in
excessof the run-to-runvariations, they may be the result of interac-
tions between the viscous/inviscid interactions associated with the
wing-leading-edge� ow� eld.

The arrow that appears in Fig. 8 with the legend xtr;s indicates the
location where boundary-layer transition occurred in the plane of
symmetry of the smooth model at this (nominal) Reynolds number
and angle of attack of 35 deg. Note that, for almost all of the heat
transfer gauges located at, or downstream of, an x of 0:60L , i.e.,
those gauges located in the wing area, boundary-layertransitionhas
alreadyproducedconvectiveheating rates to the smooth model well
in excess of the laminar levels (see Ref. 6).

Heat transfer distributionsfrom the plane of symmetry of the Or-
bitermodel at an angleof attackof 40degare presentedin Fig. 9 with
the A-2 roughness element on the model. At the highest Reynolds
number, i.e., ReL D 4:714, the roughness-induced � ow� eld per-
turbations produce a signi� cant increase in heating immediately
downstream of the roughness element. However, the strong favor-
ablepressuregradientassociatedwith theaccelerationof the inviscid

Fig. 9 Heat transfer distributions for the plane of symmetry of the S3
model (A-2 roughness element) at an angle of attack of 40 deg.
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a) ReL = 3.785

b) ReL = 4.714

Fig. 10 Perturbed heating patterns on the S3 model (with the A-2 roughness element) at an angle of attack of 40 deg.
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Fig. 11 Modi� ed perturbed heating pattern on the S6 model (with the C-4 roughness element) at an angle of attack of 35 deg with ReL = 3.779.

� ow in this region apparentlyattenuates the growth of turbulencein
the region between x D 0:080L and 0:150L. From x D 0:150L, a
rapid streamwise increase in the heatingoccurs, indicatingthe onset
of boundary-layer transition. By x D 0:250L , the heat transfer has
reached the fully turbulent level. Note that the roughness Reynolds
number Rek;RE for this run is 197 (Table 3) and is approximatelythe
same as the effectivevaluedeterminedfor thedistributedmisaligned
tiles.Although the presenceof the A-2 roughnesselement promotes
transition for the two lower Reynolds number runs, transition is
never � xed at the roughness element. The values of the roughness
Reynolds number for these runs are 143 and 155 (Table 3).

The roughness-inducedperturbations to the heat transfer at each
of the gauges, as indicated by the values of the ratio hrat;SS, are pre-
sented in Fig. 10 for the A-2 con� guration (S3) at an angle of attack
of 40 deg. Despite the roughness-induced � ow� eld perturbations,
transition does not occur until x D 0:400L at a Reynolds number
of ReL D 3:785. Although k D 2:32±¤

RE , Rek;RE is only 155, and
.Reµ =Me/RE is only 84 (Table 3). Again, we have a case where the
isolated roughness element is in a region where the boundary-layer
transitionparameters[in this case, Rek;RE and .Reµ =Me/RE] are very
low. Another factor working against the roughnesselement at a pro-
moting boundary-layer transition is that this roughness element is
located where there is a strong favorable pressure gradient. Thus,
although the roughnesselementproduces locally high heating rates,
it appears that the onsetof transitionis delayed.Referring to Table 2,
the reader can see that transition would have occurred at x D 0:60L
on the smooth model at this Reynolds number. Nevertheless, once
transition� nallyoccurs,signi� cant perturbationsto the heat transfer
spreads rapidly over most of the windward surface (Fig. 10a).

At the higher Reynolds number, i.e., ReL D 4:714, the rough-
ness-induced perturbations spread over most of the windward sur-
face. The data presented in Fig. 10b indicate that not only did the
presence of the A-2 roughness element in the subsonic � ow� eld
at the nose of the model move transition well upstream but also
the presence of this roughness element in a region where many of
the streamlines for the windward surface originate also produced
signi� cant roughness-induced heat transfer perturbations at virtu-
ally every heat transfer gauge on the windward surface. Vortices
shed from the A-2 roughness element create a complex pattern of

heat transfer perturbations,as can be seen by locating the heat trans-
fer gauges where h rat;SS exceeds 3.0, which are distributed over the
windward surface (Fig. 10b).

Boundary-Layer Transition for Roughness Elements
off the Plane of Symmetry

The ratio h rat;SS, which is a measure of the roughness-induced
perturbation to the heat transfer at a given gauge, is presented in
Fig. 11 for the C-4 roughness element (con� guration S6) with the
model at an angle of attack of 35 deg. Values of h rat;SS are pre-
sented for a freestream Reynolds number based on model length of
ReL equal to 3.779. The � lled symbols that represent signi� cant
roughness-induced perturbations to the heat transfer at a speci� c
gauge assume a threshold value for h rat;SS of 1.18. The use of 1.18
as the threshold value of h rat;SS (instead of 1.10, as was done for
Figs. 8 and 10) would imply that the data for the numerator were
on the plus side of the experimental uncertainty, whereas those for
the denominatorwere on the minus side of the experimental uncer-
tainty. Reviewing the more complete data presented in Ref. 6, one
would see that the experimental values of h=h ref at this ReL were
the lowest of any of the 35-deg-angle-of-attack smooth-modelmea-
surements over the entire range of Reynolds numbers tested. Thus,
the smooth-modelmeasurements that constitute the denominatorof
h rat;SS were indeedon the minus side of theexperimentaluncertainty.
Therefore, the use of a threshold value for hrat;SS of 1.18 seems to
be more representativeof the signi� cant roughness-inducedpertur-
bations for these data. Heat transfer gauges for which hrat;SS was
between 1.10 and 1.18 are indicated by an open, inverted triangle.
For either assumption for the threshold value of hrat;SS, the pres-
ence of the C-4 roughness element produces increased heating over
roughly one-half of the model, moving the onset of boundary-layer
transition so that it is � xed at the roughness.The roughness-related
transition parameters are presented in Table 4. Although the value
of .Reµ =Me/RE is only 87, the value of Rek;RE of 692 is apparently
above the effective value for the roughness Reynolds number.

Values of h rat;SS, the roughness-induced heat transfer perturba-
tion, are presented in Fig. 12 for con� guration S11, i.e., that with
the F-3 roughness element, at an angle of attack of 35 deg with
ReL D 2:830. The values of hrat;SS indicate that, at this relatively
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Table 4 Correlation parameters for boundary-layer transition with a roughness element
away from the windward pitch plane of the Shuttle Orbiter

Run Con� gurations ReL Tw=Tt Transition locationa Rek;RE .Reµ /RE .Reµ =Me/RE

Present data: ® D 35 deg; F-3 (xRE D 0.258L, 2yRE D 0.107b, k D 0.015 in.)
156 S11R3 4.706 0.377 F.A.R. 1200 257 143
158 S11R7 3.747 0.382 F.A.R. 919 230 128
159 S11R17 3.308 0.382 Transitional 800 216 120
161 S11R11 2.830 0.351 Transitional 650 198 110

Present data: ® D 35 deg; K-3 (xRE D 0.620L, 2yRE D 0.366b, k D 0.008 in.)
93 S10R3 4.712 0.387 F.A.R. 769 338 165
95 S10R7 3.756 0.385 F.A.R. 566 301 147
97 S10R11 2.769 0.397 F.A.R. 368 260 127
100 S10R19 2.495 0.414 F.A.R. 300 240 117
99 S10R15 1.909 0.417 W.L. 200 213 104

Present data: ® D 35 deg; C-4 (xRE D 0.070L, 2yRE D 0.030b, k D 0.015 in.)
139 S6R3 3.771 0.376 F.A.R. 692 101 87
144 S6R25 3.779 0.390 F.A.R. 692 101 87
142 S6R7 2.844 0.397 F.A.R. 510 87 74

Present data: ® D 35 deg; C-3 (xRE D 0.070L, 2yRE D 0.030b, k D 0.008 in.)
80 S6R9 3.782 0.374 F.A.R. 368 101 87
82 S6R5 2.846 0.388 Transitional 267 87 74
83 S6R11 2.804 0.389 Transitional 267 87 74
85 S6R13 1.915 0.408 W.L. 170 70 60

Present data: ® D 40 deg; F-3 (xRE D 0.258L, 2yRE D 0.107b, k D 0.015 in.)
155 S11R1 4.709 0.378 F.A.R. 1054 240 162
157 S11R5 3.781 0.381 F.A.R. 822 215 145
160 S11R9 2.763 0.392 F.A.R. 589 185 125

Present data: ® D 40 deg; C-4 (xRE D 0.070L, 2yRE D 0.030b, k D 0.015 in.)
138 S6R1 3.748 0.370 F.A.R. 638 92 92
143 S6R23 3.795 0.391 F.A.R. 638 92 92
141 S6R25 2.820 0.390 W.L. 478 80 80

Present data: ® D 40 deg; E-2 (xRE D 0.258L, 2yRE D 0.043b, k D 0.005 in.)
28 S2R1 4.696 0.411 W.L. 237 170 149
29 S2R3 3.782 0.414 W.L. 180 150 132
30 S2R5 2.780 0.416 W.L. 120 130 114
31 S3R7 1.896 0.440 W.L. 66 107 94

Present data: ® D 40 deg; I-2 (xRE D 0.375L, 2yRE D 0.146b, k D 0.006 in.)
28 S2R1 4.696 0.411 F.A.R. 350 228 170
29 S2R3 3.782 0.414 Transitional 267 205 153
30 S2R5 2.780 0.416 W.L. 177 176 131
31 S3R7 1.896 0.440 W.L. 100 143 107

aF.A.R. D � xed at roughness, Transitional D transition occurs between the roughness element and the end of the model, and W.L. D wholly laminar.

Fig. 12 Perturbed heating pattern on the S11 model (with the F-3 roughness element) at an angle of attack of 35 deg with ReL = 2.830.
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Fig. 13 Perturbed heating pattern on the S6 model (with the C-4 roughness element) at an angle of attack of 40 deg with ReL = 3.748.

Fig. 14 Perturbed heating pattern on the S11 model (with the F-3 roughness element) at an angle of attack of 40 deg with ReL = 2.763.

low Reynolds number, the � ow is transitionaldue to the roughness-
induced � ow� eld perturbations.The value of the transition param-
eter at the roughness element .Reµ =Me/RE is only 110 (Table 4).
Thus, although the Rek;RE value of 650 actually exceeds the effec-
tive values of Rek;RE for most of the other test conditions, the onset
of boundary-layer transition does not seem to occur until the wing.
The surface area affected by the roughness-induced perturbations
roughly follows a streamline on the fuselage before spreading out
over the wing, with the affected area on the wing increasing as

the Reynolds number increases. At the highest Reynolds number
(ReL D 4:706), all of the gauges on the wing, including those on
the opposite side of the plane of symmetry, i.e., those at negative
values of y, experience increased heating.6

Values of hrat;SS are presented for con� guration S6 (that with the
C-4 roughness element) and for con� guration S11 (that with the
F-3 roughness element) for an angle of attack of 40 deg in Figs. 13
and 14, respectively. For the data presented in Figs. 13 and 14,
boundary-layer transition appears to be � xed at the roughness. See
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Table 4 for the roughness-relatedtransition parameters. Con� gura-
tion S6 (with the C-4 roughness element) at an angle of attack of 40
deg is the only one for which the off-plane-of-symmetryroughness
element was in a region where the inviscid � ow was transonic (be-
cause Me is 0.995 at this roughness element). Referring to Table 4,
the boundary layer remains laminar at the lowest Reynolds number
tested (ReL D 2:820) despite the roughness-inducedperturbations
for this � ow where .Reµ =Me/RE is 80 and Rek;RE is 478. The reader
should compare these values with those presented in Table 3 for the
roughnesselements in the subsonicregionof the planeof symmetry.

The reader should compare the patterns of roughness-induced
perturbations to the heat transfer when the model is at an angle of
attack of 40 deg, as presented in Figs. 13 and 14, with the patterns
when the model is at an angle of attack of 35 deg, as presented in
Figs. 11 and 12. At 40-deg angle of attack, only a relatively small
surface area experiences signi� cant increases in the heat transfer
due to the presenceof the roughnesselement, as indicatedby values
of h rat;SS in excess of 1.10, i.e., the � lled symbols of Figs. 13 and 14.
In fact, it appears that the perturbationsdue to the F-3 roughnessare
quicklyswept off the windward surface.As discussed in a preceding
sectionabout themodelandas canbe seen in Figs.2 and3, roughness
elementsC and F are locatednear (even outboardof) the attachment
line, when the model is at an angle of attack of 40 deg.

Concluding Remarks
Based on the analysis of the data from the present tests, the fol-

lowing conclusions are made.
1) The present data for the smooth model exhibited the same

streamwise dependence on the Shuttle Orbiter transition correla-
tion as did the earlier tests. The region of increased heating due to
the onset of boundary-layer transition not only moved upstream as
the freestream Reynolds number increased but also spread outward
away from the plane of symmetry. An oval, horseshoe-like pattern
occurred. The greatest heating occurred in the plane of symmetry.

2) For the smooth model and for the models with discrete rough-
ness elements in the plane of symmetry, the measurements for
® D 35 deg exhibited trends similar to those for ® D 40 deg. How-
ever, when the roughness element was located away from the plane
of symmetry, the surface area affected by roughness-inducedper-
turbations to the heat transfer was sensitive to the angle of attack.

3) For the present tests, Reµ , Reµ =Me , and Rek were found to be
the most useful correlation parameters. Correlations using rough-
ness height relative to parameters associated with the boundary-
layer thickness, e.g., k=±, k=±¤, and k=µ , failed to provide consis-
tent results. Correlations developed using the data for the discrete
roughness elements of the present tests were found to be similar to
correlationsfordistributedroughnesselementsas reportedbyBertin
et al.2 Of course, in addition to the presence of discrete (isolated)
roughness elements on the model, there was a residual background,
distributed roughness of 0.0010 in. Thus, in reality, the � ow� eld
perturbationsproduced by the discrete roughnesswere probablyas-
sisted by the background distributed roughness to produce the ob-
served boundary-layer transition. The interested reader is referred
to Ref. 6 for a discussion of the data that support this conclusion.

4) Therewas noevidencethat thepresenceof a roughnesselement
near the attachment line was more likely to promote the onset of

transition than was the presence of a roughness element in the plane
of symmetry. In fact, the transition correlations with a roughness
element in theplaneof symmetrywereusuallysimilar to thosewith a
roughnesselementnear the attachmentline. The roughness-induced
transition correlations depended on both Rek;RE and .Reµ =Me/RE .

5) Not only did the presence of the A-2 roughness element in the
subsonic region of the nose move transition well upstream but also
signi� cant roughness-inducedheat transfer perturbations occurred
at nearly every heat transfer gauge on the windward surface at the
highestReynoldsnumber.Vorticesshedfrom the roughnesselement
produced a complex pattern of perturbed heating.
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