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Introduction

THE objective of this study was to develop a capability for
assessing the sensitivity of the orbiter windward surface

heat-transfer rate and boundary-layer transition data to
surface features, or * 'roughness elements," characteristic of
randomly misaligned heatshield tiles. To this end, selected
tiles were precisely formed on the surface of a 0.0175-scale
orbiter model using both selective electroless plating1'2 and
selective electrochemical etching techniques. Wind-tunnel
results indicated that the effects of roughness on the location
of boundary-layer transition for the orbiter was greatly in-
fluenced by the temperature ratio Twl TT.

Model Development Program
The pattern and geometry used for simulating misaligned

heatshield tiles on the lower surface of an existing, stainless
steel orbiter model were as follows:

1) Tile pattern— A symmetric herringbone tile pattern was
used.

2) Tile area of interest—The tile pattern begins 2% length
aft of the nose, covering the lower area up to the tangent line
of the chines and wing leading edge, and extending rearward
to 80% length of the model.

3) Selection of tiles to be "raised"—Tiles were randomly
selected to provide 25% raised tiles in area of interest. The tile
pattern is symmetrical about the centerline (instrumentation is
located on and to one side of centerline).

4) Tile size—Selected tiles were plated to 0.0010-in. height.
Tiles formed by electrochemical etching had a height of 0.002
in. The tiles were 0.105 in. square.

A resist photographic method was used to mask the model
surface except for exposure of the tiles selected for plating or
etching. The tile pattern was generated by first accurately
drawing all of the lower tiles with a computer-driven drafting
machine. A table of random numbers was used to designate
which 25% of the tiles would be raised and these were covered
with black tape. The drawing was then used to provide a
0.0175-scale negative and positive of the selected tile pattern.

The electroless plating process is described in Ref. 2. The
plated model is shown in Fig. 1. After completing the wind-
tunnel tests with the plated-tile model, the plating was
removed and 75% of the steel surface area was removed by
electrochemical means to a depth of 0.002 in. The other 25%

of the model surface was masked with resist. The "islands"
thus formed on the steel surface simulated a tile pattern that
was identical to the plated model.

Wind-Tunnel Test Program
The 0.0175-scale orbiter model chosen for this experiment

had been previously tested in a smooth-surface condition at
the Air Force Arnold Engineering Development Center
(AEDC) Tunnel B3 and Tunnel F.4 These tests provided the
base data for three subsequent test programs5'7 conducted to
assess the influence of the tile roughness on heat-transfer and
boundary-layer transition for this configuration. The
discussion on test results will be limited in scope to primarily
illustrate the application of the newly developed electroless
plating and electrochemical etching techniques to surface-
roughness-induced boundary-layer transition studies. Only
Tunnel B data will be used to illustrate this model application
and data behavior. Detailed analysis and correlation of these
test data are presented in a separate publication.8

Mach 8 heat-transfer data from three different test
programs conducted in AEDC Tunnel B3'5'7 were obtained
for angles-of-attack ranging 25-40 deg, and freestream
Reynolds numbers of 0.5-3.75 x 106 per ft. Wall-to-total
temperature ratios (TW/TT) varied 0.42-0.12 for all three test
programs. The same basic model and heat-transfer in-
strumentation (i.e., coaxial surface thermocouple gauges)
were also used for all three test programs. However, the
surface roughness characteristics were changed for each test.
During the first test,3 designated OH-4A, the model had an
aerodynamically smooth surface, while in the later two tests,
MH-2A5 and MH-2B7, the model had surface roughness
elements representing full scale mismatches of adjacent tile
heights of 0.057-in. and 0.114-in., respectively. These two
different tile roughness heights were applied over the same tile
pattern using selective electroless plating for the 0.057-in.
mismatch and selective electrochemical etching to form the
0.114-inch mismatch. Results of these tests will be shown for
only the highest Reynolds number tested and two wall tem-
peratures, since these data dramatically illustrate the effects
of both roughness and surface cooling on boundary-layer
transition for this orbiter configuration.

The effects of both roughness and cooling on the location
of boundary-layer transition for the orbiter at Mach 8,
Re/ft = 3.75 x 106, and 30-deg angle of attack are illustrated
in Fig. 2. This figure shows the normalized heat-transfer
distributions (normalized to the heating rate at the stagnation
point of a scaled 1-ft radius sphere in the same freestream test
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Fig. 1 0.0175-scale orbiter model with 25% tiles plated to 0.001-in.
height.
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Fig. 2 Orbiter centerline heat-transfer distribution illustrating the
influence of surface roughness and cooling on boundary-layer
transition.

Fig. 3 Shadowgraph of shock layer for orbiter with simulation of tile
roughness on lower surface, M=8, Re/H =3.7xl06, a = 30 deg,

conditions) along the windward surface centerline for all three
test programs. A laminar heating distribution is also shown
for reference. The data in Fig. 2 indicate that the surface-
roughness elements considered herein did not significantly
alter the orbiter boundary-layer transition location for
TV = 0.42 TT. When the model was cooled to TV = 0.14 T>,
the locations of boundary-layer transition did not move
significantly for either the smooth-surface test (OH-4A) or the
intermediate-surface-roughness test (MH-2A, full-scale
roughess elements of 0.057 in.). However, at the cold wall
temperature (TV = 0.14 T», the location of boundary-layer
transition moved significantly forward (from approximately
0.45L to 0.08L) for the MH-2B test which represented full
scale roughness elements of 0.114 in. Flowfield and boun-
dary-layer analyses8 are underway to better understand and
correlate this phenomena for use at the orbiter flight con-
ditions.

Additional information concerning the effect of these
simulated heat-shield tiles on the orbiter windward shock
layer was observed from shadowgraphs (Figs. 3 and 4). These
figures show qualitative flowfield data (density perturbations)
in the shock layer from tests of a "rough" (0.001-in. tile
height) and a "smooth" surface orbiter configuration at the
same test conditions (a = 30 deg, M=8, /?e/ft = 3.7x 106,
TV/rr = 0.42). Examination of these shadowgraphs revealed
that the "rough" configuration (Fig. 3) "disturbed" (in a
qualitative sense) the shock layer more than the "smooth"

Fig. 4 Shadowgraph of shock layer for orbiter with smooth surface,
M=8,/te/ft==3.7xl06 ,a

configuration (Fig. 4). This disturbance was apparently
restricted to perturbing the shock layer, since few noticeable
changes in the measured surface heating rates occurred for
these test conditions (Fig. 2). Changes in wall temperature
produced small but discernible differences in the per-
turbations observed from the shadowgraphs. The coaxial
heating gage employed in this model did not provide com-
parisons of surface fluctuations, "noise" or differences in the
"localized" heating between the two test configurations.

Concluding Remarks
Preliminary data from heat -transfer tests obtained using an

orbiter configuration with various degrees of roughness in-
dicate that, in general, surface roughness elements
(representing misaligned, geometrically scaled heatshield tiles)
play a minor role in promoting boundary-layer transition at
TV = 0.42 TT (typical of wind-tunnel test conditions).
However, dramatic changes in the locations of boundary-
layer transition may occur upon cooling the orbiter surface to
0.14 TT (a value typifying hypersonic flight conditions). That
is, for roughness elements smaller than 0.001 in. (0.057 in.
full scale), the location of boundary-layer transition remains
essentially unchanged from aerodynamically smooth
locations, whereas for full-scale roughness elements 0.114 in.
high, transition moves significantly forward (i.e., from 0.45L
to 0.08L). These results may significantly influence the
manufacturing tolerances currently being imposed on the
orbiter heatshield development program.
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Satellite Attitude Determination
by Simultaneous Line-of-Sight Sightings
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SUPPOSE that a satellite carries two onboard angle
trackers that can make simultaneous measurements of the

lines-of-sight to two known references, e.g., two stars, or one
star and one Earth-landmark. Then the vehicle attitude at the
instant of the sightings can be determined as a linear com-
bination of unit vectors along the lines of sight and their cross
product, where the coefficients are functions of the azimuth
and elevation of the angle trackers.

Analysis
Let Llt L2 be unit vectors along the known lines-of-sight.

These ultimately are to be expressed in components in some
inertial reference frame. Suppose that L]f L2 also are
measured in the vehicle frame in terms of azimuth and
elevation of the angle-tracking devices. Let /, j, k be unit
vectors along the vehicle axes. Then

(1)
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where

Since Llt L2 are not parallel, a third independent equation
can be constructed from Eqs. (1) by forming the cross-
product. Combining the cross-product equation with the
original equations produces

M

i

j

k
(2)

where

M=

Solving Eqs. (2)
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Thus i, j, k are expressible as linear combinations of Llt L2,
and L j X L 2 . Geometrically, sighting Lj places the vehicle
axes i, j, k somewhere on three individual cones whose
common axis is Ll and whose semivertex angles are cos"1

(au), cos'1 ( a I 2 ) , cos"1 (al3), respectively. Similarly,
sighting L2 places i, j, k somewhere on three other cones
whose common axis is L2 and whose semivertex angles are
cos-1 (a2/), cos'1 (a22), cos'1 (a23). According to Ref, 1,
there are, in general, two solutions for each of /, j, k, or eight
sets of solutions altogether. The solution produced by Eq. (3)
is the unique correct solution in that it enjoys the property
that i, j, k is an orthogonal set satisfying the right-hand rule.
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