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A New Hypothesis for Transition on the Windward Face
of the Space Shuttle

D.I.A. Poll*
Cranfield Institute of Technology, Cranfield, Bedford, England

This paper introduces the hypothesis that roughness induced transition of the attachment-line boundary layers
is important for the flow over the windward face of the Space Shuttle. Attachment-line transition is described
for the flow over a swept cylinder. The available knowledge is then used to model transition on a slender delta
wing at large angles of incidence. This is compared with wind-tunnel data for roughness induced transition on
the Space Shuttle. Agreement between the hypothesis and data is good and a simple transition onset criterion is
proposed. This is completely general and can, in principle, be applied to vehicles of any shape. Finally, it is
shown that the hypothesis provides an explanation for the instantaneous forward ‘‘flash’’ of the transition front

that was observed on the Orbiter Columbia.

Nomenclature

=constant

=semispan of delta wing

=diameter of circular trip wire

=characteristic dimension of roughness element

=length of Space Shuttle model

=Mach number

=resultant velocity (U2 + V?)*

=attachment-line similarity parameter

=roughness Reynolds number (U -k/v)

=leading-edge radius

=trip (roughness)-detector separation measured along
the attachment line

T =temperature

U,V =velocity components in the x and y directions,

respectively

x,¥,z =orthogonal curvilinear coordinate system (Fig. 1)

o =angle of incidence

¥ =ratio of specific heats

&, =boundary-layer displacement thickness

7 =length scale for the attachment-line boundary layer

0 =boundary-layer momentum thickness

A =leading-edge sweep angle
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=dynamic viscosity
=kinematic viscosity

=density
Subscripts
aw = equivalent adiabatic wall condition
e =at the edge of the boundary layer
k =at a distance k from the wall
0 =stagnation value
r =recovery value
w =at the wall
( )+ =evaluated at the reference temperature
o =in the undisturbed freestream

Introduction

HROUGHOUT the design, development, and construc-
tion of the Space Shuttle, careful consideration was given
to the problem of boundary-layer transition on the windward
face. When studies began in about 1970, it was recognized that
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the weight of the thermal protection system would be ex-
tremely sensitive to the location of boundary-layer transition.
At that time, however, reliable transition prediction tech-
niques were not available. Early attempts to provide the
necessary information involved correlations of wind-tunnel
data for a wide variety of configurations. Typical examples of
these initial studies are provided by Kipp and Masek! and
Hefner.? Unfortunately, it was found that the scatter in the
data base was so large that it was impossible to determine a
““best” transition criterion. The problem was also severely
compounded by the observation that, when several plausible
criteria were compared for the same vehicle following the
same trajectory, the predicted transition locations showed
very large differences. The uncertainty in the transition loca-
tion was such that initial estimates for the TPS weight varied
by as much as 25%.3 In the absence of a reliable criterion, the
TPS design was based upon smoothbody wind-tunnel data
correlated in terms of the R,/Me parameter. This was ex-
pected to be conservative since wind-tunnel noise produces
transition Reynolds numbers which are lower than those
achieved in flight. However, during construction it was found
that the smoothness requirements associated with this ap-
proach could not be achieved. To assess the implications of in-
creased surface roughness a new series of wind-tunnel tests
was conducted.* These represented the most comprehensive
transition work performed for the Space Shuttle program and
the results were used to provide the preflight assessment of the
effect of surface roughness.

During the first five flights of the Orbiter Columbia, a
massive amount of data was collected and much of this has
been used to evaluate vehicle performance against preflight
predictions.’ In particular, analyses have been performed on
the information gathered from an array of approximately 90
thermocouples mounted within the TPS tiles. By examining
the temperature-time histories it has been possible to
reconstruct the movement of the boundary-layer transition
fronts during re-entry.%’ This analysis has provided a com-
prehensive picture of the transition behavior, which can be
used to re-evaluate wind-tunnel results and, ultimately, im-
prove the existing engineering prediction methods.
Preliminary attempts at this task have already been pub-
lished by Goodrich et al.>® and by Harthun et al.® However,
while some important new ideas have emerged from these
studies, the windward-face transition process is not com-
pletely understood. Consequently, the criteria which have
been proposed are strictly limited to the present orbiter
geometry and to a narrow band of incidence, Mach number,
Reynolds number, and wall-to-total temperature ratio.

The object of this paper is to introduce the hypothesis that
attachment-line contamination is an important process for
producing transition on the windward face of the Space



606 D.ILA. POLL

Shuttle. Attachment-line contamination has been studied for
many years, mainly in the context of swept-back wings, and
its principal characteristics are well known. It will be shown
that many of the features of the Space Shuttle transition can
be described using the new hypothesis and the currently ac-
cepted transition criterion can be reformulated in such a way
that it applies to a wide variety of body shapes. It is an-
ticipated that the results will have implications for the design
of future generations of orbiter vehicles.

The Attachment Line on a
Long Swept Cylinder

In order to introduce the concepts of attachment-line flow
and attachment-line transition it is best to begin by consider-
ing the flow past a long swept cylinder, as shown in Fig. 1.
The attachment line is the line that divides the upper surface
flow from the lower surface flow and it lies along A-A. If
the cylinder was unswept, this would be the locus of two-
dimensional stagnation points and it may be referred to as
the ‘‘stagnation line.”” However, when the cylinder is swept,
A-A ceases to be a locus of stagnation points since the flow
has a spanwise velocity component, U,. Consequently, the
term ‘attachment line” is to be preferred. The existence of a
velocity component at the attachment line also means that a
conventional boundary layer is established along A-A. This
may be laminar, transitional, or turbulent.

If there are no parameter variations in the spanwise direc-
tion x, dimensional analysis indicates that for steady, com-
pressible flow the properties of the attachment-line boundary
layer are completely specified by M,, T,/T,, 7, Prandtl
number, and Reynolds number R. The Reynolds number
must be based upon local edge conditions and a length
scale.® The appropriate length scale for the attachment-line
flow is

ey
K NI

Consequently,

R= Urn _ [ U% ]Vl 1)
v v (dV,/dy), -0

€

When a roughness element is placed across the attachment
line to induce a transition, additional variables are intro-
duced. If the roughness is a wire of circular cross section
(axis lying in the y direction) then the appropriate variable is
the diameter d. In addition, the flow properties will also de-
pend upon the separation s between the trip and the point on
the attachment line at which observations are made.
Transition in the attachment-line boundary layer on a
swept cylinder has been studied extensively for low-speed
flow (see Ref. 9). The results for two-dimensional trip wires
are summarized in Fig. 2, which gives the variation of R with
d/y and s/q for the onset of transition. The results exhibit
several interesting features. First, there is a maximum
tolerable roughness height (d=0.74) below which transition
is determined by freestream disturbances. For roughness
heights between 0.7 and 1.59, the critical values of R are
strongly dependent upon d. More important, however, is the
fact that, as freestream speed is increased, for fixed values of
sweep and roughness height, the bursts of turbulence are in-
itially observed at the larger values of s and, as speed is fur-
ther increased, the location for the first bursts of turbulence
moves progressively closer to the trip. This behavior is con-
sistent with that found on flat plates and cones.'® However,
when the roughness height exceeds 1.5, a distinct change is
observed. For values of d between 1.5 and 2.0y, we find
that, at fixed R, bursts of turbulence are observed at all
values of s. This is because the bursts are being produced at
the trip wire (s=0) and then convected along the attachment
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line indefinitely (s— o). We note that this behavior has no
counterpart in the flow over flat plates or cones. If the
roughness height is increased beyond 2.0y, the results tend to
an asymptotic limit in which the size of the disturbance no
longer matters. It is clear from Fig. 2 that, as the freestream
speed is increased, bursts of turbulence first appear at the
trip location. However, at very low values of R, the bursts
decay rapidly as they are convected in the spanwise direction.
Consequently, it is necessary to increase the freestream speed
in order to drive the transition front to greater values of s.
The need to increase speed ends abruptly as R reaches 245
since this is the Reynolds number above which bursts of tur-
bulence are self-sustaining. This characteristic of unlimited
propagation of turbulence from a very large trip as R ex-
ceeds 245 is the main distinguishing feature of the
attachment-line contamination process.

At present, there is only a small amount of information
available for contamination by three-dimensional roughness
elements and all of this is for effectively incompressible flow,
However, it has been demonstrated that for single conicall!
and spherical'? elements located on an attachment line, tran-
sition begins simultaneously at all values of s when R exceeds
245—provided that the element characteristic dimension is
larger than 2.2n. This is identical to the situation for large
(d>2.0y) trip wires described previously. The similarity is
not totally unexpected, since the presence of flow divergence
means that neither two-dimensional nor three-dimensional
roughness elements can introduce a permanent momentum
defect into the attachment-line flow. Only the disturbances
can propagate along the span. For a trip wire whose
diameter is less than 2.0y the criterion for a fully effective
trip can be expressed in terms of a roughness Reynolds
number R,, i.e., for transition at the roughness element
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Fig. 2 Variation of R with d/y and s/y for transition onset at a
swept-cylinder attachment line (incompressible flow).
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provided that R>>245 (see Ref. 9). This is entirely consistent
with Gregory’s!! results for small single conical elements
(k<2.2y).

In the case of the long swept cylinder there is no pressure
variation along the attachment line (dp/dx=0). It is there-
fore constructive to compare this behavior with that found in
the incompressible, zero-pressure gradient, flat plate bound-
ary layer. A convenient basis for comparison is to convert R
into the more familiar displacement thickness Reynolds
number R, Appropriate relations are given in Ref. 9 where
we obtain

R;, =1.026R €)}

Therefore, in the presence of a sufficiently large roughness
element, transition begins in the attachment-line boundary
layer as R; exceeds 250. This result contrasts sharply with
the flat plate where self-sustaining turbulent spots cannot be
generated until R; exceeds 400 (see Ref. 13). For small
(spherical) roughness elements the effective tripping criterion
for the flat plate flow can also be expressed in terms of a
roughness Reynolds number. According to Klebanoff et al.!*
the relation is R, =577 for R; >520. With the exception of
the limiting Reynolds number, thls is almost identical to the
attachment-line criterion given in Eq. (2).

The implication of this comparison is that, while small
roughness elements appear to exhibit similar transition
characteristics, large roughness elements do not. In par-
ticular, the Reynolds number for effective tripping with an
element located on the attachment line may be much lower
than that of an identical element located off the attachment
line. This situation 'is sketched in Fig. 3. For the swept
cylinder, the Reynolds number at which the elements off the
attachment line become effective trips may be even higher
than the two-dimensional flat plate values, due to the
presence of strong favorable pressure gradients on the wind-
ward face.

For high speed flow conditions, transition in the presence
of a gross (d— o) disturbance has been examined by Poll.’
It has been demonstrated that the data for transition onset
correlate well if a modified attachment-line Reynolds
number R. is used. This has the form given in Eq. (1), ex-
cept that the kinematic viscosity is evaluated at the turbulent
reference temperature T . According to Poll,'¢ this temper-
ature is given by

Ty =T,+0.10(T, — T,) +0.60(T, — T,)

Over a wide range of conditions, the criterion for the onset
of transition is identical to the low-speed result,

R [————Ug ]1/2 245(x35 4
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Fig. 3 [IHustration of the likely effect of spherical trips for transi-
tion on a swept cylinder.
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The available data do not exhibit any unit Reynolds number
dependence. This is consistent with the behavior of flow over
a cone at zero incidence in supersonic flow when transition is
fixed by large, isolated roughness elements. %7
Unfortunately, the “R. =const’’ criterion for transition
onset does not readily lend itself to general physical inter-
pretation. In order to overcome this problem the criterion
has been used to compute the variation of the attachment-
line momentum-thickness Reynolds number, R,, at transi-
tion onset as a function of the edge Mach number and the
wall-to-recovery temperature ratio. The results are given in
Fig. 4. This figure has two particularly interesting features.
First, the Reynolds number for the onset of tramsition is
raised by cooling the wall. Second, and most significantly, as
the edge Mach number increases, R, appears to be tending
towards a linear dependence upon M,. Therefore, for values
of M, between 3 and 6, the “R, =const’’ criterion is
equivalent to an ““R,/M,=const”’ criterion. This latter form
is instantly recognizable as the most popular criterion for
transition on the windward face of the Space Shuttle.

The Attachment Lines on a Delta Wing at Incidence

If the effects of attachment-line transition are to be in-
vestigated for a delta wing then it is necessary to know the
location of the attachment lines for any given set of condi-
tions. We begin by considering a slender delta wing with
slightly rounded leading edges. At zero incidence the attach-
ment lines lie along the leading edges (see Fig. 1). As in-
cidence is increased, the character of the flow over the wind-
ward face will change and the attachment lines will move
towards the plane of symmetry. At sufficiently large in-
cidence, the two attachment lines will meet to form a single
line of attachment, which is coincident with the windward
symmetry plane. This progression of events has been de-
scribed by Bertram et al.!® whose results have been used to
provide the schematic illustration given in Fig. 5. These
sketches indicate that the attachment lines are straight and
originate at the apex of the wing. We also note that the at-
tachment lines mark the boundary between the flow that
leaves the wing at the trailing edge and the flow that leaves
at the leading edges.

An indication of the way in which the attachment lines
move across the windward face may be obtained from the
published results of the ‘‘thin-shock-layer” theory.!® This
provides a simple analytical description of the phenomenon.
Experimental verification of the predictions has been pro-
vided by Richards.?® The theory has been used to predict the
attachment-line positions for a flat delta wing with a leading-
edge sweep angle of 80 deg and the results are presented in
Fig. 6. This figure shows that, at the higher Mach numbers,
the attachment lines stay close to the leading edges while the
angle of incidence is less than about 25 deg. However,
beyond 25 deg, their location is very sensitive to incidence
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Fig. 4 Conditions for transition onset with a large trip on a swept-
cylinder attachment line.
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Fig. 5 Windward face flow patterns on a flat delta wing at in-
cidence, after Bertram et al.1?
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Fig. 6 Attachment-line location for a flat delta wing with 80-deg
leading-edge sweep.

and they move very rapidly towards the windward centerline
as incidence is increased. For angles of incidence above 38
deg, the attachment lines lie on the windward symmetry
plane.

The principal difference between the attachment-line flows
on the swept cylinder and those on the delta wing is that, in
the former case, the mean flow parameters—like §,—are in-
dependent of position while, in the latter case, they develop
in the x direction. However, Poll and Paisley?! have
demonstrated that the existence of boundary-layer growth
does not affect the transition behavior when large roughness
is present. In particular, transition onset occurs at the trip
wire, and at all downstream positions on the attachment line,
when the value of R at the trip just exceeds 245. Therefore,
if the postulation that large roughness elements located on
an attachment line become effective trips at much lower
Reynolds numbers than identical elements located elsewhere
is correct, then, if the surface is rough, transition on the
windward face of a delta wing will begin on the attachment
lines. Evidence consistent with this view has already been
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Fig. 7 Variation of trip effectiveness with spanwise position for an
orbiter configuration, after Morrisette.??

provided by Morrisette,?> who performed transition studies
on a delta-wing orbiter model set at 20-deg incidence in a
Mach 6 flow. Six three-dimensional roughness elements were
distributed across the span at a fixed chordwise location
(x=const) and the freestream unit Reynolds number was
then increased until each element, in turn, produced a
characteristic wedge of turbulence, i.e., became an “‘effec-
tive”” trip. The Reynolds numbers R, for transition at the
elements were then plotted as a function of spanwise posi-
tion. These results are reproduced in Fig. 7. The oil-flow in-
dicates that the attachment line is located at about 0.78) and
the data show that those roughness elements closest to the
attachment line became effective trips at much lower
Reynolds numbers than similar elements set nearer to the
center line. Morrisette suggests, without evidence, that this
effect may be due to local thinning of the boundary layer, or
destabilization due to crossflow. However, the results are en-
tirely consistent with the attachment-line contamination
hypothesis. They also highlight an important effect which is
particularly relevant to the central theme of this paper. This
is that measurements taken on the centerline may provide an
inadequate picture of the transition process if the centerline
and the attachment lines are not coincident. The inset
diagram in Fig. 7 shows that the roughness element closest to
the attachment line produces a turbulent wedge which covers
approximately one-third of the wing surface, while the flow
on the windward centerline is laminar over the entire length
of the model. Clearly, transition criteria based upon local
boundary-layer parameters on the centerline would be of lit-
tle value in this particular case.

Having identified the attachment line as a potentially im-
portant feature in the transition process on the delta wing, it
is appropriate to examine the way in which the transition
onset location varies in response to changes in the free-
stream conditions. To simplify the mathematical description
of the flowfield, three restrictions are introduced: 1) the free-
stream Mach is always very large; 2) the incidence is such
that the attachment lines are coincident with the windward
centerline; and 3) the wall temperature is independent of
position. If the inviscid flow is conical, the streamline at the
edge of the attachment-line boundary layer is a characteristic
of the external flow and hence, U, and v+ do not depend
upon the distance from the wing apex x. The crossflow
velocity gradient (d¥,/dy),_, does vary with x but, since the
attachment line is on the wing centerline and the freestream
Mach number is large, this may be approximated by the em-
pirical relation proposed by Bertram et al.,'® i.e.,

dv,
dy

] 0224<0745+157 r) Ve g Y=
y:O~ . . . b b b
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If a single, three-dimensional roughness of height k is in-
troduced at a station x, manipulation of Eq. (4) produces

R. = [ U, ] k
T LkAV, /), o0 d na
Now, since M, and « are large,

U,=Q, cosa

and
dVE] ~A Q.. sina tanA
dy y=0 X

where A is the leading-edge sweep angle. Therefore

_ 1 k
R.= [il] . ®)
k A tana tanAld 7.

It follows that, as the freestream unit Reynolds number is in-
creased at fixed angle of incidence, the similarity parameter
R. increases linearly with k/n«. The consequences of this
for the transition onset may be inferred by superimposing
this variation on the critical R plot given in Fig. 2. This is il-
lustrated in Fig. 8. It is important to note that the principal
features of Fig. 2 have been retained but R and 7 have been
replaced by R. and 5.. The substitution of R, for R can
only be justified in the case where gross contamination is
present (see Ref. 15), while the use of 5, instead of 5 cannot
be justified at all. Consequently, the values of R, and 7,
which are associated with particular points on the curve, may
not be accurate. However, it is expected that the essential
physics of the process will be the same as in the incompress-
ible case and, therefore, general qualitative conclusions may
be drawn.

Consider the line marked 1 in Fig. 8. As the freestream
unit Reynolds number increases, R . increases along 1. Even-
tually an intersection occurs with the transition curves. Since
line 1 meets these transition curves above the point B,
the transition front, which is initially far downstream of the
roughness element, will move progressively towards the
roughness as the unit Reynolds number is further increased.
The situation is quite different for the line marked 2. Transi-
tion is, again, initially downstream of the roughness element.
However, upon increasing the freestream unit Reynolds
number, the intersections of 2 and the transition curves oc-
cur below B and, consequently, bursts of turbulence (transi-
tion onset) first occur at the roughness element, i.e., at s=0.
Since R, is greater than 245, and increases in the x direc-
tion, these bursts grow rapidly and are detectable at all
downstream stations. Therefore, to an observer, the transi-
tion front will be seen to ‘‘flash forward,”’ instantaneously,
to the roughness element at the freestream unit Reynolds
number corresponding to the intersection of the lines. The
flash forward is a characteristic feature of attachment-line
transition in the presence of a large roughness element. The
“flash’’ can only occur if the variation of R, with k/7n. is
such that an intersection with the transition curves occur
below B (R <400). This implies that the rate of change of
R. with k/n. must be low—typically less than 250. It is ap-
parent that such low rates of change occur for large
roughness elements located close to the wing apex, i.e., low
x/k (see Eq. 5). Similarly, large angles of incidence, large
leading edge sweep angles, and large leading edge radii all
reduce the gradient and tend to make the flash more likely.

Reconsideration of the Space
Shuttle Wind-Tunnel Data

The most comprehensive wind-tunnel tests performed on
the Space Shuttle are those reported by Bertin et al.* These

TRANSITION ON WINDWARD FACE OF THE SPACE SHUTTLE 609

were conducted in tunnels B and F at the Arnold Engineer-
ing Development Center. The model tested in tunnel B was
used to investigate the effect of tile misalignment, while that
in tunnel F had 80% of its windward face roughened by a
grit-blasting technique. Roughness heights & on both models
were similar and approximately 8x 10~ times the model
length L. This corresponds to a height of 2.6 mm for the full
size vehicle. Both models were tested at an incidence of 30
deg. For the tunnel B experiments the data were obtained at
a freestream Mach number of 8, freestream body-length
Reynolds numbers in the range 1.8 x10% to 7.1 x 108, and
wall temperatures between 0.114 T, and 0.435 T,. Tunnel F
data were given for a freestream Mach number of 11,
freestream body-length Reynolds numbers from 3.99 x 10¢ to
17.62x 105, and wall temperatures between 0.204 T, and
0.283 T,. In both cases transition locations were inferred
from heat transfer rate measurements made on the windward
centerline. Bertin et al.* correlated the conditions necessary
for transition at a given point on the centerline in terms of a
ratio of rough to smoothbody values of R,/M, and a
roughness Reynolds number evaluated at a distance 0.1 L
from the nose. While this approach is undoubtedly satisfac-
tory for any particular configuration, there are several prob-
lems associated with it. First, the method provides no infor-
mation about the distribution of turbulent flow off the
centerline. Second, there is no guarantee that the correlations
are independent of the angle of incidence. And third, the
method cannot be used to estimate the transition location on
a vehicle whose geometry differs significantly from that of
the present orbiter. Clearly, these difficulties would be
largely removed if the data from these tests could be shown
to be consistent with the attachment-line contamination
phenomenon.

The first step in the testing of the hypothesis was to obtain
the location of the attachment lines on the windward face at
an incidence of 30 deg and Mach numbers of 8 and 11. Close
examination of photographs of oil flows suggests that, at
30-deg incidence, the attachment lines make an angle of ap-
proximately 8 deg with the windward centerline over the first
50% of the body length. This is consistent with the inter-
pretation of others as indicated by Fig. 9b of Ref. 23. The
apparent independence of attachment-line position with
Mach number is consistent with the predictions of thin-
shock-layer theory as indicated in Fig. 6. It was then
necessary to estimate the shape of the turbulent wedge that
would be set up by an isolated roughness element on the at-
tachment line. This was done by assuming that, between the
attachment line and the centerline, the streamlines at
the edge of the boundary layer were straight and met at the
nose. It was further assumed that the wedge would spread
relative to these streamlines at a rate determined by the
average local Mach number over this region. The spreading
rate was taken from the data given by Fischer.?* An example
of the development of such a wedge is sketched in Fig.
9—note that, for clarity, the spreading angle has been exag-
gerated. If this gives a correct representation of the transi-
tion front, then, clearly, the critical conditions are those oc-
curring at point A, on the attachment line, and not those at
point B, on the centerline. Unfortunately, boundary-layer
flowfield computations are not yet available for the complete
windward face and, therefore, as a first approximation, the
conditions at A were taken to be equal to those on the
centerline at the same chordwise location, i.e., at A’. Using
computed variations of momentum-thickness Reynolds
number and local edge Mach number for the windward
centerline, the values of R, and M, on the attachment line
were estimated for those data points which Bertin et al. had
identified as being ‘‘roughness dominated,” i.e., those
points at which the roughness Reynolds number at location
B was greater than 90. These transformed data are presented
in Fig. 10, together with the gross roughness attachment-line
contamination criterion.
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Fig. 10 Variation of local R, for transition at the attachment lines
on Shuttle models with roughened windward faces.

In view of the difficulties associated with obtaining these
revised data, the agreement with the attachment-line con-
tamination criterion is remarkable. There is no discernable
difference between the tile ‘and the grit-blasted roughness,
and the data scatter is as low, if not lower, than that obtained
by Bertin et al. In addition, it i$ not possible to discriminate
between Bertin’s ‘‘critical’’ and ‘‘effective’’ trips. We con-
clude that the data are consistent with the hypothesis that,
when large roughness elements are distributed over the wind-
ward face, transition begins on the attachment lines at the
points where the similarity parameter R, just reaches 245.
This being the case, transition locations on other points on
the windward face can be computed if the topography of the
streamlines at the edge of the boundary layer is known.

Evaluation of Results from
the Orbital Flight Test Program
Transition data from the first five flights of Columbia
have already been extensively examined and analyzed in
Refs. 3, 6, and 7. In Ref. 3 Goodrich et al. considered the
movement of the transition front up the centerline of the
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windward face. The observations were then compared with
predictions obtained by applying the criteria developed by
Bertin et al.* It was found that during the early stages of re-
entry, when smoothbody transition behavior was expected,
the flow on the vehicle was, generally, laminar. An exception
to this was STS-1, which has to be considered separately.
The implication was that the disturbance levels present in the
wind-tunnel tests were such that transition predictions were
unduly pessimistic. However, the criteria were more suc-
cessful in the latter stages of re-entry when the transition
process was governed by disturbances from misaligned tiles.
In particular, the transition front first appeared on the wind-
ward centerline as the Bertin critical roughness Reynolds
number was exceeded. The transition onset location then
proceeded to flash forward towards the nose in response to
very small changes in the freestream conditions, or in-
cidence. In some cases, e.g., STS-4, transition appeared to
move from the trailing edge to the nose in one step; in other
cases, e.g., STS-3, transition moved forward in several
smaller steps. It was only when the transition front reached
an x/L of 0.2 that there was substantial agreement between
the observations and the predictions.

A more comprehensive view of the movement of transition
over the windward face of the Space Shuttle has been pro-
vided by Harthun et al.® and Hartung and Throckmorton.”
These authors have reconstructed the movement of transition
by analyzing the output from 90 thermocouples distributed
over the port side of Columbia’s lower surface. Both groups
have reported the flashing forward of transition and both
found that, in most cases, when transition moved close to
the nose, the origin of the turbulent flow was not on the
centerline. According to Harthun et al., a single, isolated,
tile misalignment on the port nose landing gear door caused
transition to flash forward on flights 1, 2, 3, and 5. This ex-
crescence had a height of about 2 mm and lay on a straight
ray originating at the nose and making an angle of 7.8 deg
with the windward centerline. On these flights the flash oc-
curred when the Mach number was about 8 and the in-
cidence approximately 33 deg. As indicated in Fig. 9, the
attachment lines at these conditions are estimated to lie at
approximately 8 deg relative to. the centerline. On STS-4 the
roughness element that induced the transition flash was
almost on the centerline. However, at the time of the flash,
the vehicle was traveling at Mach 10 with an incidence of 40
deg. At this high angle, the attachment lines are coincident
with the centerline.

The repeated observation of transition flashing forward
under conditions at which the roughness element appears to
lie on, or very close to, an attachment line is firm qualitative
evidence in support of the attachment-line contamination
hypothesis. However, it is also possible to provide a limited
quantitative check. It has been noted that the identifiable ex-
crescence on the landing gear door was about 2 mm high.
This is some 20% smaller than the value modeled in the
misaligned-tile, wind-tunnel tgsts.4 Therefore, the roughness
may not become effective as R. reaches 245. In this case, we
would expect that a simple ‘‘R,=const,”” or similar,
criterion would adequately describe the process. This expec-
tation is borne out by Harthun et al.’s results. However, it is
possible to take the analysis further. Using the available
data, a flash condition was identified for each flight. These
corresponded to times after passing the re-entry interface of
1252, 1263, 1193, 1030, and 1125 s, respectively, for STS-1
to 5. The origins of the turbulent flow, as given by Harthun
et al., were assumed to be correct and the momentum-
thickness Reynolds number and the local-edge Mach number
were estimated for each point. The results are presented in
Fig. 11, together with lines corresponding to R, equal to 245
and 400. These values represent the limiting conditions for
an attachment-line flash (see Fig. 8). The data lie within the
limiting conditions for a flash and, therefore, are consistent
with the attachment-line transition hypothesis. However, the
results also suggest that the roughness elements encountered
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Fig. 11 Values of local attachment line R, for the forward flash of
transition on the Columbia orbiter.

on the actual vehicle were not sufficiently large to produce
the limiting attachment-line transition behavior, i.e., transi-
tion did not begin as the local value of R. exceeded 245.
Evidence in support of this last statement may be found
from flight STS-1. In this case the starboard nose landing
gear door was gouged during the flight. During re-entry this
gouge, which was 200 x 25 X 25 mm, promoted transition at a
much earlier time (= 1000 s) than the misaligned tile, which
cased the flash at 1252 s. The gouge constituted a gross
disturbance for the attachment line and, consequently, tran-
sition would be expected to occur earlier. Unfortunately, due
to a system fault, the data necessary to confirm this result
were lost.

Conclusions

The published wind-tunnel and flight data are consistent
with the hypothesis that attachment-line contamination plays
an important role in the process of boundary-layer transition
on the windward face of the Space Shuttle. - Existing
knowledge of this phenomenon is incomplete—even in the
case of low-speed flow over a swept cylinder. Nevertheless, a
preliminary model has been produced for the delta wing.
There are two principal features of attachment-line con-
tamination which can be used to test the hypothesis. The first
is that, in the limit of very large roughness elements, transition
begins at the element as a fixed value of the local attachment-
line Reynolds number is exceeded. It has been demonstrated
that data from wind-tunnel tests on Space Shuttle models with
grossly roughened surfaces exhibit this behavior. The second
characteristic is the instantaneous forward flash of transition.
This has been observed on all the flights of the Orbiter Colum-
bia for which data are available.

Finally, it has been proposed that a roughness element
located on an attachment line can become an effective trip at a
much lower local Reynolds number than an identical element
mounted elsewhere. This is a particularly important result. At
present there is some experimental evidence which supports
this view but it is not entirely conclusive. It is therefore sug-
gested that further work should be performed to quantify the
behavior of isolated excrescences, both on, and close to, the
attachment lines formed on delta wings.

Acknowledgments

The foundations for this paper were laid while the author
was working with the Joint Institute for the Advancement of
Flight Sciences at the NASA Langley Research Center.
Thanks are due to I.E. Beckwith, R.L. Calloway,
H.H. Hamilton II, V.T. Helms III, E.L. Morrisette, D.A.
Throckmorton, W.C. Woods, and, in particular, D.M.
Bushnell, who made the visit possible. In addition, the author

TRANSITION ON WINDWARD FACE OF THE SPACE SHUTTLE 611

would like to thank Dr. W.D. Goodrich of the NASA
Johnson Space Center and Professor J.J. Bertin of the
University of Texas at Austin for providing additional com-
putational information. It should be stressed, however, that
the opinions expressed in this paper are those of the author
alone.

References

IKipp, H.W. and Masek, R.V., ‘“‘Aerodynamic Heating Con-
straints on Space Shuttle Vehicle Design,”” ASME 70-HT/SpT-45,
Space Technology and Heat Transfer Conference, Los Angeles, CA,
June 1970.

2Hefner, J.N., ‘““‘Boundary-Layer Transition for Space-Shuttle-
Type Configurations at Angles of Attack,”” NASA TM X-2254,
March 1971.

3Goodrich, W.D., Derry, S.M., and Bertin, J.J., “Shuttle Orbiter
Boundary-Layer Transition at Flight and Wind-Tunnel Conditions,”’
NASA CP-2283, Part 2, March 1983.

4Bertin, J.J., Hayden, T.E., and Goodrich, W.D., “Shuttle
Boundary-Layer Transition due to Distributed Roughness and Sur-
face Heating,” Journa! of Spacecraft and Rockets, Vol. 19,
Sept.-Oct. 1982, pp. 389-396.

5Arrington, J.P. and Jones, J.J., “Shuttle Performance: Lessons
Learned,”” NASA CP-2283, March 1983.

SHarthun, M.H., Blumer, C.B., and Miller, B.A., “‘Orbiter
Windward Surface Entry Heating: Post Orbital Flight Test Program
Update,”” NASA CP-2283, Part 2, March 1983.

7Hartung, L.C. and Throckmorton, D.A., ‘““‘Computer Graphics
Visualization of Oribter Lower Surface Boundary-Layer Transi-
tion,”” AIAA Paper 84-0228, Jan. 1984,

8Goodrich, W.D., Derry, S.M., and Bertin, J.J., ‘“‘Shuttle Orbiter
Boundary-Layer Transition: A Comparison of Flight and Wind-
Tunnel Data,”” AIAA Paper No. 83-0485, Jan. 1983.

9Poll, D.I.A., “Transition in the Infinite Swept Attachment-Line
Boundary-Layer,”” The Aeronautical Quarterly, Vol. XXX, Nov.
1979, pp. 607-629.

0Van Driest, E.R. and Blumer, C.B., ‘“Boundary-Layer Transi-
tion at Supersonic Speeds: Three-Dimensional Roughness Effects
(Spheres),”’” Journal of the Aerospace Sciences, Vol. 29, Aug. 1962,
pp. 906-916.

UGregory, N. and Love, E.M., “Laminar Flow on a Swept
Leading Edge,”” Final Progress Report, National Physical
Laboratory, Aerodynamics Memorandum, No. 26, 1965, p. 19.

2Firmin, M.C.P. and Cook, P.H., Unpublished work, Royal
Aircraft Establishment, Farnborough, UK, 1965.

BMorkovin, M.V., “Instability, Transition to Turbulence and
Predictability,”” AGARDograph No. 236, July 1978.

14Klebanoff, P.S., Schubauer, G.B., and Tidstrom, D.K.,
““Measurements of the Effect of Two-Dimensional and Three-
Dimensional Roughness Elements on Boundary Layer Transition,”’
Journal of the Aeronautical Sciences, Vol. 22, No. 11, Nov. 1955,
pp. 803-804.

15poll, D.I.A., “The Development of Intermittent Turbulence on
a Swept Attachment-Line Including the Effects of Compressibility,”
The Aeronautical Quarterly, Vol. XXXIV, Feb. 1983, pp. 1-23.

16poll, D.I.A., ““Skin Friction and Heat Transfer at an Infinite
Swept Attachment-Line,”” The Aeronautical Quarterly, Vol. XXXII,
Nov. 1981, pp. 299-318.

7pate, S.R., “Induced Boundary-Layer Transition at Supersonic
Speeds: Combined Effects of Roughness and Free-Stream Distur-
bances,’”” AIAA Paper 70-586, May 1970.

8Bertram, M.H., Feller, W.V., and Dunavant, J.C.,
“Flowfields, Pressure Distributions and Heat Transfer for Delta
Wings at Hypersonic Speeds,”” NASA TM X-316, Sept. 1960.

®Hillier, R., and Woods, B.A., ““A Note on the Thin-Shock-
Layer Approximation,”’ The Aeronautical Quarterly, Vol. XXVIII,
May 1977, pp. 85-89.

WRjchards, 1.C., ‘““‘Supersonic Flow over Low Aspect-Ratio
Wings,”” Ph.D. Dissertation, Cranfield Institute of Technology,
Bedford, England, Nov. 1976.

2lpoll, D.I.A. and Paisley, D.J., “On the Effect of Wing Taper
and Sweep Direction on Leading Edge Transition,”” The
Aeronautical Journal, Vol. 89, No. 883, March 1985, pp. 109-117.

22Morrisette, E.L., “Roughness Induced Transition Criteria for
Space Shuttle-Type Vehicles,”” Journal of Spacecraft and Rockets,
Vol. 13, Feb. 1976, pp. 118-120.

2Rakich, J.V., and Lanfranco, M.J., “Numerical Computation
of Space-Shuttle Laminar Heating and Surface Streamlines,”” Jour-
nal of Spacecraft and Rockets, Vol. 14, May 1977, pp. 265-272.

24Fischer, M.C., “‘Spreading of a Turbulent Disturbance,”” A[4A4
Journal, Vol. 10, July 1972, pp. 957-958.



