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Summary
Oil-flow patterns on a proposed tip-fin controller for

the Space Shuttle orbiter are presented. These tests
were conducted in air at Mach 10 for a free-stream
Reynolds number of 1.13 X 106 at 20°, 30°, and 40°,
angle of attack and sideslip angles of 0° and 2°. The
effect of elevon deflections from _10° to 10° and of tip­
fin control-surface deflections up to 40° on surface flow
directions were investigated. It was determined that the
tip-fin has very little effect on wing leeward surface flow
patterns and that the most significant flow interactions
occur on the outboard surface of the tip-fin.

Introduction
Technology for a second-generation space trans­

portation system is currently being assessed at the
NASA Langley Research Center. One of the major
problem areas under investigation is yaw control for
winged vehicles during entry at high angle of attack.
On configurations such as the Space Shuttle, the rud­
der is ineffective as an aerodynamic control surface, be­
cause it is shielded from the flow until the final stages
of entry when the vehicle is flying at low angle of at­
tack. References 1 through 3 have shown that posi­
tive yaw control throughout the entry trajectory of a
winged entry vehicle can be attained by omitting the
vertical tail and adding small tip-fin controllers to the
wing tips. Among the advantages cited in these reports
for the tip-fin is a weight savings due to elimination of
the vertical-tail structure and a reduced dependence on
reaction control-system firings to provide control during
entry. The Space Shuttle orbiter configuration has been
used to study the control characteristics of tip-fins be­
cause of the broad wind-tunnel and flight aerodynamic
data base available for comparison.

In addition to aerodynamic considerations, feasibil­
ity of the tip-fin concept depends on the thermal envi­
ronment imposed upon the fin and the adjacent area
of the wing upper surface. An investigation of tip­
fin heating distributions on a Space Shuttle model us­
ing thermographic-phosphor and thin-film gauges is re­
ported in reference 4. Nonuniform regions of locally
enhanced heating of unexplained origins were observed
on the tip-fin outboard surface at angles of attack to
40°, with and without tip-fin control-surface deflections.
The purpose of the present study was to perform flow
visualization, using the oil-flow technique, to assess the
extent of flow interference effects on the wing and tip­
fin which might lead to serious heating problems. This
study was also intended to aid in the interpretation of
observed heating distributions on the tip-fin outboard
surface. An example of the correlation between sur­
face flow directions and aerodynamic heating patterns
on the tip-fin at Q! = 40° is included.

Symbols
h local heat-transfer coefficient

href stagnation-point heat-transfer coefficient

Moo free-stream Mach number

Reoo free-stream Reynolds number based on model
length

Q! angle of attack, deg

(3 sideslip angle, deg

be elevon deflection angle, deg

tip-fin deflection angle, deg

Apparatus and Methods

Tunnel

Tests were conducted in air using the Langley
31-Inch Mach 10 Tunnel (formerly the Lang­
ley Continuous-Flow Hypersonic Tunnel) operating in
a blowdown mode. A description of this facility can be
found in references 5 and 6. The model was rapidly
injected into the flow through the tunnel sidewall after
establishing steady flow conditions in the test section.
The injection mechanism required less than 0.3 sec to
place the model within the test core after first contact
with the tunnel boundary layer. At the end of each run,
which generally lasted from 20 to 30 sec, the model was
retracted from the test section before shutting down the
tunnel.

Model and Test Conditions

A O.OI-scale aluminum model of the Shuttle orbiter
was modified for use in this study. Figure 1(a) is
a photograph of the model with its tip-fins installed
and the vertical tail removed. Details of the tip-fins
are shown in figures 1(b) and I(c). Tip-fin control­
surface deflection angles of 0°, 20°, and 40° are shown in
figure 1(b). The wings were equipped with changeable
elevons to allow deflection-angle settings of -10°, 0°,
and 10° (fig. 1(c)). Before performing the oil-flow tests,
the model was coated with a high-temperature black
paint and buffed lightly with No. 600 grit sandpaper
and water to provide a smooth finish.

The oil-flow patterns were obtained at Mach 10 for
a Reynolds number of 1.13 x 106 , based on free-stream
conditions and a model length of 1.075 ft. The angle of
attack for the model was set at 20°, 30°, and 40°. The
effect of a 2° sideslip angle on surface flow patterns was
evaluated at each angle of attack for 0° deflection of the
elevon and the tip-fin control surfaces. For (3 = 0°, tests
were conducted with elevon deflection angles of -10°,
0°, and 10° using tip-fin control-surface deflections of
0°,20°, and 40°.



Oil-Flow Technique

The oil used in this study was a mixture of Liquitex
Artist Oil Color (Zinc Everwhite) and Dow Corning 200
Fluid silicone oil. Mixtures using fluids with viscosities
of 10, 50, 100, and 200 centistokes (cs) were applied
to different parts of the model. The low-viscosity 10­
cs mixture was used on the wing leeward separated
region and on the inboard surface of the tip-fin. The
50-cs mixture was applied to the wing leeward attached
flow areas and to the outboard surface of the tip-fin at
all angles of attack, and it was also used on the wing
windward surface at 20° and 30° angle of attack. A 100­
cs mixture was used on the wing windward surface and
in combination with the 50-cs mixture on the outside
tip-fin surface at all angles of attack. The high-viscosity
200-cs oil mixture was used only on the wing windward
surface at 30° and 40° angle of attack. A light-to­
moderate base coat of the clear lO-cs fluid was brushed
onto the model surface, particularly in the low-shear
areas, to act as a lubricant for the oil mixtures. Droplets
of the mixtures were applied to the model by rapidly
stroking the end of a small, stiff, mixture-laden brush
with the forefinger to produce a thick array of white
spots on the black surface. This procedure allowed
satisfactory surface flow visualization to be obtained on
both windward and leeward surfaces, as well as on the
tip-fins, during the same wind-tunnel run. The model
was removed from the wind-tunnel test section after
each run to photograph the oil-flow patterns.

Results and Discussion
Figures 2 through 18 show oil-flow patterns, and

one example of thermographic-phosphor heat-transfer
results, obtained on the model wing and tip-fin over the
range of test conditions previously described. Arrows
indicating surface flow directions are included in some
of these photographs to aid in the interpretation of the
oil-flow patterns. A basic set of oil-flow patterns with
no control-surface deflections is presented first. The
changes induced in the basic patterns by a sideslip angle
of 2° are then described. Flow patterns caused by
elevon deflections of 10° and -10° are next compared
with those for be = 0°, each for btf = 0° and (3 = 0°.
The last sets of figures detail tip-fin flow patterns with
btf = 20° and 40° for be = 0° and no sideslip.

Oil-Flow Patterns for (3 = 0°, be = 0°, and btf = 0°

Figures 2 through 4 show oil-flow patterns for (3 =
0°, be = 0°, and btf = 0° at a = 20°,30°, and 40°, re­
spectively. Part (a) of each figure presents a full view of
the wing leeward surface. As shown in figure 2(a), the
separated region at a = 20° is dominated by reversed
surface flow which sweeps forward toward the primary
separation line. This flow originates at a line along the
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wing trailing edge which may be caused by reattach­
ment of separated flow from forward locations on the
wing or fuselage. It may also be possible that this line
represents the reattachment of flow expanding around
the wing trailing edge from the windward surface. A
small pocket of reversed flow can be seen near the wing
tip. This pocket also originates from flow reattachment
close to the trailing edge and radiates in surface direc­
tions both inboard and outboard. This wing-tip flow
structure is unrelated to the presence of the tip-fin. Fig­
ure 2(b) illustrates this point. It shows a previously
unpublished photograph of wing leeward oil-flow pat­
terns from a different test on another O.Ol-scale Shut­
tle model without tip-fins at Moo = 10, a = 20°, and
Reoo = 2.37 X 106 . Although the higher Reynolds num­
ber produces a more extensive wing-tip reattachment in
figure 2(b) than for the present test, the overall wing­
tip pattern is still similar to that in figure 2(a). Also,
a comparison of figures 2(a) and 2(b) shows that flow
directions emanating from the outboard portion of the
wing leading edge are nearly the same. The irregular
trails overlapping the surface flow patterns, particularly
in figure 2(b), are caused by excess oil running under the
influence of gravity after the model was removed from
the wind tunnel. Figure 2(c) shows that flow directions
on the tip-fin appear to be nearly uniform over the en­
tire inboard surface. Figure 2(d) indicates the presence
of a reattachment line on the tip-fin outboard surface.
The reattachment seems to form on the forward lower
portion of the tip-fin, and it leaves the trailing edge
near the 25-percent span location. This reattachment
may be related to shedding of the wing-tip vortex. Fig­
ure 2(d) also shows that flow separation occurs over the
aft lower portion of the tip-fin, where downward-moving
flow from the reattachment line meets upward-moving
flow that has come from the wing lower surface.

Surface flow patterns for a = 30° are presented in
figure 3. Figur~,3(a) shows oil-flow patterns on the left
wing, and figures 3(b) and 3(c) are photographs of the
tip-fin on the model's right wing. Photographs of both
wings are used in this particular case to take advantage
of the best oil-flow patterns obtained for each view. The
wing leeward separated-region reattachment pattern in
figure 3(a) occurs farther outboard than for a = 20°.
The outboard segment of the wing-tip reversed flow
pattern reaches forward to the tip-fin aft area (fig. 3(b)).
Flow from the wing-tip reversed pattern is forced up
onto the inboard surface of the tip-fin and results in
flow separation on its lower aft corner with indistinct
traces of flow reattachment within the separated region.
The reattachment line on the tip-fin outboard surface in
figure 3(c) is more inclined relative to the plane of the
wing than at the lower angle of attack. It leaves the tip­
fin trailing edge near the 50-percent span location. The
line of flow separation at the base of the tip-fin outer



surface has moved forward compared with the case of
0: = 20°.

The primary wing separated-region reattachment
pattern at 0: = 40° in figure 4(a) is much like that
for 0: = 30°, except that the wing area covered by the
separated region has increased to the extent that out­
wardly directed flow from this pattern washes against
the tip-fin inboard base region. The wing-tip reversed
flow pattern has evolved to affect a large portion of the
outer elevon. As at 0: = 30°, the outboard segment
of the reversed flow pattern reaches the tip-fin. Fig­
ure 4(b) shows how the outboard separated-region flow
combines with wing-tip reversed flow to produce a large
separation on the tip-fin inboard surface. A compari­
son of figures 3(b) and 4(b) illustrates the increased
size of the tip-fin separation as angle of attack becomes
larger. There are indications of reversed flow near the
base of the tip-fin in figure 4(b) with a reattachment
pattern at higher locations within the separated region.
This is similar to the reattachment pattern on the tip­
fin inboard surface observed at 0: = 30° in figure 3(b).
The outboard tip-fin reattachment line for 0: = 40° in
figure 4(c) leaves the trailing edge near the 75-percent
span location. This represents a continuation of the in­
crease in the reattachment line inclination as angle of at­
tack becomes higher. Measurements from figures 2(c),
3(c), and 4(c) indicate that the angles of the reattach­
ment line with respect to the model axis are 13°, 21°,
and 30° for 0: = 20°, 30°, and 40°, respectively. The
reattachment line origin at 0: = 40° is close to the root
of the tip-fin leading edge, which reflects an upward
and forward movement compared with lower angles of
attack. Flow separation on the lower portion of the
tip-fin outer surface begins a short distance aft of the
leading edge, and the associated area of attached flow
from the wing lower surface is more extensive than for
20° or 30° angle of attack. Tip-fin inboard-surface flow
directions not influenced by separation and reattach­
ment effects are relatively insensitive to changes in an­
gle of attack, whereas outboard-surface directions turn
rapidly upward as angle of attack increases. (See figs. 2
through 4.)

Oil-Flow Patterns for /3 = 2°, be = 0°, and btf = 0°

Figures 5 through 7 show oil-flow results at 0: = 20°,
30°, and 40° , respectively, for a sideslip angle of /3 = 2°
with no control-surface deflections. These photographs
show the inboard and outboard surfaces of both the
right and left tip-fins. The effects of sideslip can be
seen by comparing these oil-flow patterns with the
appropriate photographs in figures 2 through 4, where
/3 = 0°. The "nose-left" rotation of the model for
/3 = 2° causes the right wing to turn more into the
free stream than the left wing. Parts (a) and (b) of
figures 5 through 7 show that one consequence of the

sideslip angle is a smaller area of separated flow on the
leeward surface of the right wing, which is indicated by
the inboard movement of the primary separation line
toward the slot between the elevons. Also, the reversed
flow pattern near the wing tip is considerably more
extensive on the right wing. As a result, the area of
flow separation on the right tip-fin surface at 0: = 30°
and 40° is much larger than on the left tip-fin. The
size of the tip-fin inboard separated regions for /3 = 0°
(figs. 3(b) and 4(b)) is between that of the right and
left tip-fin separations at /3 = 2°. The directions of
attached flow on the inboard surfaces of both tip-fins
are not noticeably different from those for /3 = 0°. The
same is generally true of flow patterns on the outboard
surfaces of the tip-fins. However, the inclination of the
outboard reattachment line is approximately 1° lower
on the right tip-fin and 1° higher on the left tip-fin than
the values cited previously for each angle of attack.

Oil-Flow Patterns for /3 = 0°, be = 10°, and
Otf = 0°

Elevon deflections of 10° and _10° were found to
have no effect on tip-fin flow patterns and very little
influence on wing flow patterns in general. Representa­
tive oil-flow results illustrating this point are presented
in figures 8 and 9 for 0: = 30°. The only significant dif­
ference in wing leeward oil flows in figures 8(a) and 9(a)
for deflected elevons compared with the case for oe = 0°
in figure 3(a) is in the separated-flow reattachment pat­
terns. Orientation of the reattachment line is spanwise
for deflected elevons and longitudinal for be = 0°. The
extent of flow separation on the lower aft inboard tip-fin
surface is the same at be = 10° and _10° in figures 8(b)
and 9(b), respectively, and these photographs are indis­
tinguishable from the one for a = 30° and be = 0° in
figure 3(b). Figures 8(c) and 9(c) also show identical
oil flows on the tip-fin outer surface for the two elevon
deflections.

Oil-Flow Patterns for /3 = 0°, be = 0°, and
btl = 20°

An outward deflection of 20° on the tip-fin control
surface had only a small effect on wing leeward pat­
terns, and practically no influence of the deflection was
detel:ted on the tip-fin inboard surface at any angle of
attack. Once again, oil flows for 0: = 30° are used as
an illustration and are shown in figure 10. The pri­
mary separation line in figure 10(a) is drawn somewhat
farther outboard near the wing trailing edge than for
Otf = 0° in figure 3(a). This tends to force some of the
wing-tip oil-flow patterns to slightly larger spanwise lo­
cations. However, this outward movement of surface
patterns has a negligible impact on the inboard sur­
face of the tip-fin, as indicated by a comparison of fig­
ures lO(b) and 3(b).
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Oil flow on the tip-fin outboard surface for a = 20°
and 6tj = 20° is shown in figure 11. Flow reattachment
just aft of the hinge line on the deflected surface of the
tip-fin controller can be seen in figure l1(a). The reat­
tachment line, from which flow radiates both forward
and aft, extends to approximately one-half the tip-fin
height. Streamwise flow from the leading edge of the
unit prevails at higher locations. The control-surface
deflection disrupts formation of the outboard reattach­
ment line shown in figure 2(d) for a = 20° and Otj = 0°.
Flow separation also occurs on the tip-fin below the con­
trol surface. The associated separation line stops just
short of the wing trailing edge, and a small reattach­
ment pattern controls its aft portion. The three round
spots aligned vertically on the tip-fin control surface
(fig. l1(b)) mark the plaster-filled locations of screws
holding the piece on the model. The oblique view in
figure ll(b) shows that the separation below the tip-fin
is caused by a division of flow at the lower edge of the
deflected control surface. Also, flow reattachment oc­
curs on the inboard interior surface of the tip-fin unit.
Figure ll(c) shows the outboard portion ofthe tip-fin
interior surface. It indicates a small region of attached
flow along the lower edge of the deflected control ele­
ment with separated flow filling the remainder of the
region bounded by the inboard and outboard portions
of the tip-fin structure. Similar interior flow patterns
were found at all three angles of attack.

Outboard tip-fin oil-flow results for a = 30° and
Otj = 20° are presented in figure 12. Separation occurs
well ahead of the control-surface hinge line at upper
locations on the tip-fin and moves aft to the hinge
line at lower positions. Two lines of flow reattachment
are visible on the deflected control surface, and both
originate in the forward lower corner. One of the
reattachment lines can be traced diagonally across the
tip-fin to the upper aft corner of the control surface.
The other reattachment line travels up the entire height
of the tip-fin and is located a short distance aft of
and parallel to the hinge line. The forward segment
of the outboard flow reattachment noted at a = 30°
and 6tf = 0° in figure 3(c) has become established in
figure 12 before reaching the lower forward corner of the
deflected control surface. This may be related to the
development of the diagonally oriented reattachment
line across the tip-fin described previously and perhaps
to the aft movement of primary flow separation over the
tip-fin lower areas. Flow separation and reattachment
are shown below the deflected control surface, similar to
that for a = 20° in figure l1(a). However, the trailing
end of the separation line in figure 12 has moved forward
with the increase in angle of attack.

Figure 13 shows oil-flow patterns on the tip-fin out­
board surface for a = 40° and Ott = 20°. These surface
flow directions resemble those in figure 12 for a = 30° .
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Two reattachment lines are present on the control sur­
face. One reattachment line runs diagonally to the aft
upper corner of the tip-fin control surface, and the other
branches off parallel to the control-surface hinge line.
These two reattachment lines intersect a short distance
above the lower edge of the control surface and very
close to the hinge line. The diagonal reattachment line
seems to be an extension of flow reattachment which
develops near the tip-fin forward lower corner. Flow
separation occurs ahead of the control surface only at
locations above the point where the diagonal reattach­
ment crosses the hinge line. The separation line below
the control surface extends back only as far as the tip­
fin structure, where it is abruptly cut off by attached
flow from the wing windward surface.

Figure 14 presents thermographic-phosphor and
thin-film-gauge heat-transfer test results corre­
sponding to the oil-flow patterns in figure 13. The
shaded areas, representing strips of locally higher heat­
ing identified by thermographic-phosphor, generallyoc­
cur at the same locations as the oil-flow reattachment
lines shown in figure 13. The thermographic-phosphor
heating patterns lend support to the suggestion that
the reattachment line which runs diagonally across the
tip-fin control surface is an extension of flow reattach­
ment initiated forward of the control-surface hinge line.
However, there is no clear correlation of oil-flow pat­
terns with the lowermost shaded strip in figure 14. The
small circles show the locations of thin-film gauges on
the tip-fin outboard surface. Normalized heating val­
ues, expressed as hjhref , are given for each location.
The parameter h is the local heat-transfer coefficient
and href is the stagnation-point heat-transfer coefficient
on a scaled 1-ft-radius sphere in the free stream. These
data show that heating in areas associated with flow
reattachment is typically two to four times higher than
heating on other portions of the tip-fin outboard sur­
face.

Oil-Flow Patterns for (3 = 0°, oe = 0°, and
Otj = 40°

The effect of a tip-fin control-surface deflection equal
to 40° on wing leeward and tip-fin inboard surface flow
is virtually identical to that for 6tj = 20°. This can be
seen by comparing the photographs in figure 15, using
the oil flows for a = 30° for illustrative purposes, with
the surface patterns in figure 10. Thus as before, the
following discussion will concentrate on outboard tip-fin
surface flow features.

Oil flows for a = 20° and Ott = 40° are shown in
figure 16. The tip-fin geometry produces a very un­
usual double reattachment pattern that is evident in
figure 16(a). Flow which separates near the tip-fin lead­
ing edge may be responsible for the curved reattach­
ment line (concave forward) on the deflected control



surface where high reattachment heating rates may be
expected. Surface flow from this reattachment is gen­
erally in an upward direction. The other reattachment
pattern is located a short distance forward of the hinge
line, and it wraps around the lower side of the tip-fin be­
neath the control surface. This pattern contains surface
flow that is directed downward at all locations ahead of
the hinge line, which is opposite to the control-surface
reattachment. Another separation line forms slightly
aft of the hinge line where the opposing flows of these
two reattachments meet. However, a portion of the re­
versed flow from the control-surface reattachment spills
over onto the tip-fin at locations ahead of the hinge
line near the top of the unit where it turns upward
and leaves the tip-fin. Immediately below is downward
flow associated with the forward reattachment. It is un­
certain if a stagnation point forms at the intersection
of the upward- and downward-traveling flows ahead of
the hinge line, or if flow from the control-surface reat­
tachment turns sharply to merge with both patterns.
The oblique view in figure 16(b) indicates a greater ex­
tent of flow reattachment on the tip-fin interior sur­
face for Ott = 40° than for the 20° deflection shown in
figure 11 (b). Downward flow from the interior-surface
reattachment pattern separates along a common bound­
ary with reattaching flow located below the deflected
surface.

Flow patterns at a = 30° and Ott = 40° are shown
in figure 17. The outboard reattachment has changed
considerably from that shown in figure 16 because of the
increase in angle of attack. Flow reattachment on the
deflected control surface is quite prominent. It appears
that the upward-moving and reversed surface flow gen­
erated by the reattachment extends forward to the line
of flow separation aft of the tip-fin leading edge, though
there was very little oil movement in this low-shear
area. Establishment of the forward portion of the "zero­
deflection" flow reattachment pattern over the tip-fin
forward lower corner moves the boundary of separated
flow in this region back to the control-surface hinge line.
There is no indication that the zero-deflection reattach­
ment pattern extends beyond the hinge line. That por­
tion of the lower-corner zero-deflection reattachment
flow that is turned downward forms a secondary vor­
tex reattachment below the deflected surface as a result
of interaction with upward-moving flow from the wing
windward flow field.

Oil-flow photographs for a = 40° and Ott = 40° are
illustrated in figure 18. The single reattachment pattern
has moved forward on the control surface at this angle of
attack. The onset of the zero-deflection reattachment
is located higher on the tip-fin forward lower corner
at a = 40°, and it seems to force the primary flow­
separation line farther aft than at lower angles of attack.
A secondary vortex reattachment similar to that for

a = 30° occurs below the deflected control surface. As
for a = 40° and Ott = 20°, the secondary flow pattern
is interrupted by attached flow from the wing windward
surface upon reaching the tip-fin trailing edge. The
tip-fin interior surfaces at a = 40° and Ott = 40° are
shown in figures 18(b) and 18(c). The reattachment
pattern in figure 18(b) covers nearly the entire inboard
portion of the interior surface area. A comparison of
figure 18(b) with figure 16(b) illustrates how increasing
angle of attack results in more extensive flow coverage
of the tip-fin interior surface. Figure 18(c) depicts a
similar situation on the outboard interior surface, but
with attached flow from the deflected control-surface
lower edge. This situation tends to increase heating
rates to the tip-fin interior surfaces.

Concluding Remarks
. This report contains an analysis of oil-flow patterns

obtained on a proposed tip-fin controller for the Space
Shuttle orbiter. These tests were conducted at Mach 10
in air for a free-stream Reynolds number of 1.13 X

106 at 20°, 30°, and 40° angle of attack and sideslip
angles of 0° and 2°. The effect of elevon deflections
at -10°, 0°, and 10° and of tip-fin control-surface
deflections of 0°, 20°, and 40° on surface flow directions
were investigated. A comparison of tip-fin heating
data obtained at a = 40° and btt = 20° with the
corresponding oil-flow patterns was also performed.

It was established that the tip-fin has very little ef­
fect on wing leeward flow patterns. Sideslip angles up to
2° produce some asymmetries in wing leeward patterns,
tip-fin inboard surface flow separation, and outward
flow reattachment locations, but none of the observed
effects should result in a significant change in heating
compared with the case for f3 = 0°. Elevon deflections
of -10°, 0°, and 10° had no influence on tip-fin surface
flow patterns. The highest heating rates on the tip­
fin outboard surface are expected to result from strong
flow interactions caused by control-surface deflections.
Prominent reattachment lines were observed in oil flow
on the tip-fin deflected control surface for Ott = 20° and
40°. These patterns displayed a close correspondence
with thermographic-phosphor and thin-film-gauge re­
sults at test conditions of a = 40° and Ott = 20°.
Heating levels in the reattachment zones appeared to
be roughly two to four times higher than those in areas
not associated with flow reattachment. The lower edge
of the deflected control surface was also subjected to an
adverse thermal environment as was the tip-fin leading
edge. Increasing the tip-fin control-surface deflection
angle and increasing angle of attack exposes the inte­
rior surfaces of the unit to a greater degree of secondary
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flow patterns generated by the outer-surface interac­
tions. Some consideration of thermal protection in this
area may be required as well.

Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23665
September 26, 1984
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L-80-6580

(a) Model with tip-fins installed.

Figure 1. Space Shuttle orbiter model and tip-fins.
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Span
0.970

Tip-fin canted outward 100

(b) Top view of tip-fin showing control-surface deflection angles.

~TiP chord 0.835~

1/ I.... 0.580---..j

Hinge line

_-,0 =_100
__ - __ e-

~--------- ~_--c-::::_:-:- 0
0

I _ ~ -----~ 100

~Root chord 1.05~ -- I

(c) Side view of tip-fin showing elevon deflection angles. Linear dimensions are in inches.

Figure 1. Concluded.
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(a) Wing leeward surface.

Figure 2. Oil-flow patterns at a = 20° for f3 = 0°, oe = 0°, and Otf = 0°.
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L-84-137
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(b) Wing leeward surface with no tip-fin at Q' = 200 and Reoo

Figure 2. Continued.

2.37 X 106 .
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(c) Tip-fin inboard surface.

Figure 2. Continued.



(d) Tip-fin outboard surface.

Figure 2. Concluded.
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(a) Wing leeward surface.

Figure 3. Oil-flow patterns at 0' = 30° for (3 = 0°, be = 0°, and btl = 0°.
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(b) Tip-fin inboard surface.

Figure 3. Continued.
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(c) Tip-fin outboard surface.

Figure 3. Concluded.

L-84-142
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L-84-143
(a) Wing leeward surface.

Figure 4. Oil-flow patterns at 0' = 40° for f3 = 0°, 8e = 0°, and 8tf = 0°.



(b) Tip-fin inboard surface.

Figure 4 C .. ontmued
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(c) Tip-fin outboard surface.

Figure 4. Concluded.
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(a) Inboard surface of right tip-fin.

Figure 5. Oil-flow patterns at a = 20° for j3 = 2°, De = 0°, and Dtf = 0°.
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(b) Inboard surface of left tip-fin.

Figure 5. Continued.
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(c) Outboard surface of right tip-fin.

Figure 5. Continued.
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(d) Outboard surface of left tip-fin.

Figure 5. Concluded.

L-84-149



L-84-10,601

(a) Inboard surface of right tip-fin.

Figure 6. Oil-flow patterns at Ct' = 30° for f3 = 2°, Oe = 0°, and Otf = 0°.



(b) Inboard surface of left tip-fin.

Figure 6. Continued.
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L-84-10,603

(c) Outboard surface of right tip-fin.

Figure 6. Continued.



L-84-1O,604

(d) Outboard surface of left tip-fin.

Figure 6. Concluded.
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Figure 7
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L-84-10,606

(b) Inboard surface of left tip-fin.

Figure 7. Continued.



L-84-10,607

(c) Outboard surface of right tip-fin.

Figure 7. Continued.



L-84-10,608

(d) Outboard surface of left tip-fin.

Figure 7. Concluded.
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Figure 8.
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(b) Tip-fin inboard surface.

Figure 8. Continued.

L-84-10,610



(c) Tip-fin outboard surface.

Figure 8. Concluded.

L-84-10,611
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(a) Wing leeward surface.

Figure 9. Oil-flow patterns at C\' = 30° for f3 = 0°, be = -10°, and btj = 0°.
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(c) Tip-fin outboard surface.

Figure 9. Concluded.
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Figure 10.
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L-84-10,616

(b) Tip-fin inboard surface.

Figure 10. Concluded.



L-84-10,617

(a) Tip-fin outboard surface.

Figure 11. Oil-flow patterns at a = 20° for f3 = 0°, 8e = 0°, and btf = 20°.



(b) Oblique view of tip-fin outer surface.

Figure 11. Continued.

L-84-10,618



L-84-10,619
(c) Oblique view of tip-fin interior surface.

Figure 11. Concluded.



L-84-10,620

Figure 12. Tip-fin outboard-surface oil-flow patterns at Q = 30° for /3 = 0°, 8e = 0°, and 8tf = 20°.



L-84-10,621

Figure 13. Tip-fin outboard-surface oil-flow patterns at a = 40° for fJ = 0°, oe = 0°, and Otf = 20°.
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Figure 14. Thermographic-phosphor and thin-film-gauge heat-transfer data for a = 40°, btj = 20°, f3 = 0°, and
Moo = 10.



L-84-1O,622

(a) Wing leeward surface.

Figure 15. Oil-flow patterns at a = 30° for (3 = 0°, 8e = 0°, and Otj = 40°.
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(a) Tip-fin outboard surface.

Figure 16. Oil-flow patterns at a = 20° for j3 = 0°, be = 0°, and btj = 40°.

L-84-10,624



L-84-1O,625

(b) Oblique view of tip-fin outboard surface.

Figure 16. Concluded.



L-84-10,626

Figure 17. Tip-fin outboard-surface oil-flow patterns at a = 30° for {3 = 0°, De = 0°, and Dtf = 40°.
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(a) Tip-fin outboard surface.

Figure 18. Oil-flow patterns at a = 40° for f3 = 0°, 8e = 0°, and 8tf = 40°.
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L-84-1O,628

(b) Oblique view of tip-fin inboard interior surface.

Figure 18. Continued.
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L-84-10,629

(c) Oblique view of tip-fin outboard interior surface.

Figure 18. Concluded.
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