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EFFECT OF WING SWEEP, ANGLE OF ATTACK, REYNOLDS NUMBER, AND
WING ROOT FILLET ON THE INTERFERENCE HEATING TO THE WING
WINDWARD SURFACE OF AN-ENTRY VEHICLE CONFIGURATION

By Louis E. Clark
Langley Research Center

SUMMARY

The phase-change-coating technique was used to study the interference heating to
the windward surface of 140, 250, and 50° swept wings of an entry vehicle configuration.
One wing root of each model was faired to the fuselage with a fillet. Tests were made at
Mach 8 at angles of attack of 0°, 200, 400, and 60° and at free-stream Reynolds numbers
based on model length of 0.47 x 108 and 1.7 x 106,

Bow shock impingement heating was found to increase in magnitude and affected
area with increasing angle of attack until at a higher angle of attack it decreases; this
angle of attack is lower for a 50° swept wing. Wing root interference heating was found
to increase with angle of attack up to 40° and then to remain approximately constant,
Consequently, wing root interference heating becomes the major type of interference
heating at large angles of attack, and this occurs at a lower angle of attack for the highest
sweep angle. A wing leading-edge root fillet reduces the peak in wing root interference
heating near the leading edge, and increasing Reynolds number increases the level of
interference heating.

The total heating to the windward surface of the swept wings was found to increase |
- with increasing angle of attack (up to about 40°) and Reynolds number and to decrease
with increasing wing sweep. Transmitted shock impingement position was found to move
inboard as angle of attack increased, with variations in rate and distance depending on
wing sweep angle. ‘ a

INTRODUCTION

Increased heating will occur at the impingement of a bow shock on the wings and in
the fuselage-wing intersection region of shuttle vehicles and hypersonic aircraft. Experi-
mental wind-tunnel studies have been conducted (1) to measure the increased heating due
to shock impingement on swept leading edges (refs. 1, 2, and 3, for example) and (2) on

the heat transfer in the vicinity of a 90° corner alined with the free-stream velocity



(refs. 4 and 5, for example). Investigations of these types of interference heating to the
wing windward surface of a f1xed wmg orb1ter ata s1ngle wing sweep angle are reported
in references 6 and 7. :

There is a need for information on the variation of interferénce heating over a
range of wing leadi‘ng—edge sweep angle, angle of attack, and Reynolds number and on the
effect of a small circular fillet on wing root heating. The present investigation was con-
ducted to determine this information. Three 0.007-scale models of an entry vehicle con-
figuration with wings having 140, 250, and 50° sweep were tested at angles of attack of 00,
20°, 40°, and 60° at Reynolds numbers based on model length of 0.47 X 108 and 1.7 x 106,
The wing leading edge on one side of each model was faired to the fuselage with a small
circular fillet. The models were tested in the Langley Mach 8 variable-density hyper-
sonic tunnel, and the heat- transfer data were obtamed by usmg the phase-change-coating
. technique descnbed in reference 8. ‘ . c

| SYMBOLS

cp ‘ _'.'spe’eifi'c heat-_

h : heat—.transfer coefficient

href, ' reference heat-transfer coefficient, stagnation-point value‘for a“

] ‘0.21?->centimet‘er-radius sphere.at test conditions
k ** thermal 'conductivity‘
Mg free-stream Mach number
‘ _NPr _ N l;randtl num]t)er
Roo’ 1 Reﬁolds number based on free—stream conditions and scaled lerlgttl ot 'mbd'el '
S wing area having heat-transfer coefficient equal to or greater than given
heat-transfer coefficient
St':: . total exposed Wing planform are_a
s | - surface distance aiotlg Vertlcal r)lane of symmetry measured from Newtoman A

stagnation point



t time, sec

A velocity
w maximum width of model fuselage at wing leading edge
X axial length of model measured from nose
y distance along wing span measured from fuselage center line -
a angle of attack
A wing sweep angle
i viscosity
P density
N
Subscripts:
s stagnation conditions
w wall conditions

FACILITY

The tests were conducted in the Langley Mach 8 variable-density hypersonic tunnel
which is described in reference 9. This facility, which oper'ates with air as the test
medium, has a contoured axisymmetric nozzle with a 37.72-centimeter-diameter test
section, It is adapted for transient testing by means of a model injection mechanism
located beneath the test section. Windows are available on the test section for lighting
and photographing the model.

Stagnation pressures for the tests were 0.793 and 3.55 kN/m2 with corresponding
stagnation temperatures of about 710 and 782 K, resulting in Reynolds numbers based on
model length of 0.47 x 108 and 1.7 x 108,



MODELS

Three models of an entry vehicle configuration with wing sweep angles of 14°, -250,
and 50° were tested. The wing leading edge on one side of each model was faired to the
fuselage with a small circular fillet. Figures 1 and 2 give details of the fuselage and
wings, and figure 3 shows details of the model sting configuration. The models were
cast from a high-temperature epoxy material. Measurements of the thermophysical
properties of the wings gave values of \/_5cp—k from 1.711 to 1.762 W-secl/z/(mz-K).

TEST TECHNIQUE AND DATA REDUCTION

The phase-change-coating technique described in reference 8 was used to obtain
the heat-transfer data. With this technique the time for the surface of the model to reach
the phase-change temperature of the thin coating is measured by use of motion-picture
photography. These values of time and temperature are used with the solution to the one-
dimensional heat-conduction equation to calculate the heat-transfer coefficients. The
calculations are based on the assumption that the body geometry can be represented by a
semi-infinite slab. This assumption is a good approximation to the actual body geometry
when the depth of heat penetration is small compared with pertinent model dimensions.
The temperatures of the phase-change material used in the present tests were selected
so that the heat-penetration depths remained small enough to satisfy the one-dimensional
assumption to within 0.127 centimeter of the wing leading edge. The heat-transfer coef-
ficients for any isotherms within 0.127 centimeter of the leading edge are subject to
errors which have been calculated by the method of reference 10 to be about 25 percent
at most and are always larger than the actual value. Several tests using different melting
temperatures of phase-change material (338 to 477 K) were made as required to obtain
complete data,

Data were not taken until 1 second after the model was initially exposed to the flow.
Experience has shown this time interval to be sufficiently long to minimize errors caused
by erroneous heating rates when the model passes through the tunnel boundary layer and
by the uncertainty in initial time.

The data were reduced by using the free-stream total temperature for the adiabatic
wall temperature. The data are presented as the ratio h /href where h is the experi-
mental value of the heat-transfer coefficient and href "is the theoretical value at the
stagnation point of a 0.213 -centimeter-radius sphere. The value of h/href was com-
puted by the method of reference 11, in which



av

c -0.6 0.1 0.4/av\0-5
Rret = 0‘7687'%3'(NPr,w) (pw‘uw) (ps'us) (ds)

and % was calculated by using Newtonian theory.

RESULTS AND DISCUSSION

Peak Heating

Two general types of interference heating are present: (1) increased heating due
to impingement of the fuselage bow shock on the wing and (2) increased heating in the
region of the wing root due to interference between the fuselage and the wing. Typical
phase-change patterns obtained with front-lighted schlieren for the 140, 250, and 50°
swept wings are shown in figure 4. The models were at a slight yaw angle so that the
shocks are not symmetrical, The coating is unmelted in the light areas and the phase
change has already occurred in the dark areas due to the higher heating rate. The line
separating these areas represents a known temperature and thus a constant heat-transfer
coefficient. In the absence of interference heating the isotherms would be essentially -
parallel to the wing leading edge, and the occurrence of interference heating causes peaks
in the isotherms directed toward the trailing edge (see also fig. 6). Bow shock impinge-
ment causes the characteristic two-peaked interference pattern which occurs near the
wing tips and is pronounced at A = 14° and 25°. The models are at an angle of attack
so that the actual intersection of the bow and wing shocks occurs inboard of the apparent
intersection observed in the schlieren photographs. The heating peak near the wing root
is due to wing-fuselage interference heating.

Usually the line between the unmelted and melted areas of phase-change paint is
easily distinguished; however, at certain combinations of wing sweep and angle of attack,
regions occur near the wing roots in which distinct phase-change lines do not occur and,
instead, the region gradually turns darker over a period of time. An example is shown
in figure 5 for the 25° swept wing at a 40° angle of attack. Note the regions near the
wing roots where a gradual darkening occurs between t=1sec and t=4 sec. This
behavior is believed to be caused by the existence of a constant heating rate throughout
the region or by shear forces removing the phase-change material. Only the times at
which distinct lines occurred are used, which occasionally results in wide spacings
between the isotherms. In some cases, the isotherms were estimated and are shown by
dashed lines.

Angle of attack.- The peaks of both bow shock impingement heating and wing root

interference heating are, in general, much smaller at 0° angle of attack (figs. 6 to 8) at



all sweep angles than the heating peaks which occur at higher angles of attack (figs. 9

to 17). Both types of interference heating peaks increase and the interference area
becomes broader on the 14° and 25° swept wings as the angle of attack increases to 40°;
but as the angle of attack increases to 60° (figs. 15 and 16) the bow shock impingement
peak decreases substantially so that the wing root heating, which remains about constant,
is the major type of interference heating. Similar behavior occurs on the 50° swept wing
except that the decrease in the bow shock impingement heating peak occurs at a lower
angle of attack between 20° and 40° and, as a consequence, wing root heating becomes the
major type of interference heating at 40° angle of attack.

Increasing angle of attack causes the location of the bow shock impingement heating
peak to move inboard and become more inclined to the fuselage and causes the wing root
interference heating to move onto the fuselage.

Some idea of the complexity of the flow patterns existing in the present tests can be
gained from reference 12 which analyzes six types of interference heating that occur
depending on wing sweep angle and location of the shock intersection. The results of
reference 12 éfe, in general, only applicable to the leading-edge region, but many similar
types of interference heating may be expected to occur on the wing windward surface as
the wing sweep angle and angle of attack are varied. For example, the change in the bow
shock impingement heating pattern from two peaks to one peak on the 50° swept wing as
the angle of attack increases from 20° to 40° (figs. 11 and 14) is probably due to a change
in the type of interference heating. A limited discussion of the type of interference
heating occurring on wing windward surfaces is given in references 6, 7, and 12,

Wing leading-edge sweep.- An inspection of figures 6 to 17 shows that, in general,
the magnitude and area involved of both the wing root interference heating and bow shock

impingement heating peaks are similar on the 14° and 25° swept wings and that as wing
sweep increases to 50° a decrease occurs in both types of interference heating peaks.
Increasing wing sweep also reduces the tendency of the wing root heating peak to move
onto the fuselage as the angle of attack increases. An exception to the general trend of
decreasing interference heating at a 50° sweep angle occurs at 60° angle of attack at
Roo,l of 1.7 X 106 (fig. 17(b)). At these conditions the heating peak due to bow shock
impingement is more pronounced on the 50° swept wing than on the 14° and 25° swept
wings.

Wing root fillet.- The general effect of the leading-edge wing root fillet over the

range of angle of attack, wing sweep, and Reynolds number (figs. 6 to 17) is to reduce the
heating peaks in the wing root interference near the leading edge.

Reynolds number.- The effect of increasing R, ; from 0.47 X 10% to 1.7 x 108 in
2
most cases is to increase the heating peaks due to both bow shock impingement and wing



root interference, an indication of more severe interference heating, and to begin to
move the wing root interference heating peak onto the fuselage at the midchord location,

Fuselage heating. - Except for differences in scale, the fuselage of the models
tested in referencs 6 is identical to that of the models used in the present tests, The
heating along the windward surface of this fuselage is reported in reference 6 and is not

repeated herein. The results reported in reference 6 on a 16° swept wing agree well
with the 14° swept wing of the present tests.

Total Heating to the Wing Windward Surface

In order to illustrate the effect of the various parameters on the total heating to
the wing windward planform, the fractional wing area with a heat-transfer coefficient
equal to or greater than a given heat-transfer coefficient was calculated. The effects of
éngle of attack, wing sweep, wing root fillet, and Reynolds number on this parameter are
discussed in the following sections.

Angle of attack,- The highest heat-transfer coefficients occur near the wing leading
edge and decrease until a minimum is reached at the trailing edge (fig. 18). The heat-
transfer coefficients increase with angle of attack over most of the wing surface at all
sweep angles (fig. 18); however, this trend reverses near the leading edge. As a conse-
quence, the total heating to the wing increases with angle of attack until the decreasing
heat transfer at the front of the wing offsets the increase which occurs farther back.

This occurs at an angle of attack of 400, and the total heating to the wing remains about
constant or decreases slightly as the angle of attack is increased to 60°. The trend is
most apparent on the 50° swept wing (fig. 18(c)).

The heating changes observed with increasing angle of attack are caused by dual
effects: (1) an increase in heat transfer over most of the wing as the surface flow
approaches stagnation conditions and (2) the initial increase and then decrease of bow
shock impingement heating peak with angle of attack. The causes for the changes in total
heating are difficult to isolate because of these interacting mechanisms, but the leveling
off of the total wing heating at angles of attack between 40° and 60° is probably largely
due to the substantial decrease in the bow shock impingement heating peak which occurs
in this range.

Wing leading-edge sweep.- The effect of increasing wing leading-edge sweep is a

moderate decrease in the total heating to the wing windward surface over the angle-of-
attack range (fig. 19). The bumps present in some of the curves are probably due to
inaccuracies in reducing the data. An exception to the trend occurs ata R, ; of

1.7 x 106 and an angle of attack of 20° but is not shown in the figures. At the’se conditions
the total heating to the 25° swept wing exceeds that to the 14° swept wing.



Wing root fillet.- The leading-edge root fillet not only decreases the wing root
interference heating peak near the leading edge, but for most of the conditions shown in
figure 20 it also slightly reduces the average heat-transfer coefficient along the wing
chord. A number of exceptions to this general trend occurred, including the 14° swept
wing at an angle of attack of 60° at both Reynolds numbers and the 25° and 50° swept
wings at angles of attack of 60° and 400, respectively, at the higher Reynolds number.

Reynolds number. - The nature of the boundary layer in the interference region is

unknown, but it is probably laminar since the highest Reynolds number based on leading-
edge diameter is more than an order of magnitude below the transition data reported in
the survey of reference 13 and the present heating data do not exhibit the increase with
distance along the wing which would occur during transition. Based on the assumption
that the boundary layer is laminar, nondimensionalizing the heat-transfer coefficients at
each Reynolds number by their respective laminar reference heat-transfer coefficients
(fig. 21) eliminates increases due solely to increased Reynolds number and the differ-
ences observed are due only to changes in the interference heating. Increasing Reynolds
number usually results in higher average heat-transfer coefficients and increased total
heating, particularly at the higher angles of attack, but at angles of attack of 0° and 20°
the total heating to the 14° swept wing appears to decrease with increasing Reynolds '
number. The trend of increased total interference heating with increasing Reynolds
number also occurred on the wing with the root fillet.

Transmitted Shock Impingement Point on the Wing Leading Edge

The shock impingement point (fig. 22) was located at angles of attack up to 40° by
extrapolating along the inboard peak of the typical two-peaked interference pattern to the
leading edge. The small peak in the isotherms near the leading edge at an angle of attack
of 60° (fig. 16) was extrapolated to the leading edge and taken as the impingement location.
Bow shock impingement did not occur on the 50° swept wing at 0° angle of attack and its
position on a wing of longer span was estimated from the bow shock angle.

The impingement point on the 14° and 25° swept wings moves inboard as the angle
of attack increases to about 300, remains almost constant from 30° to 500, and moves
slightly inboard as the angle of attack increases to 60°. In contrast, the impingement
point on the 50° swept wing continually moves inboard as the angle of attack increases
to 60°. No consistent change in impingement point is apparent when the Reynolds num-
ber R’oo’l is varied from 0.47 X 106 to 1.7 x 108,



CONCLUSIONS

An investigation of bow shock impingement heating and wing root interference heating
to the wing windward surface was conducted at Mach 8 for wing sweep angles of 14°, 250,
and 50° at angles of attack of 0°, 20°, 40°, and 60° and at free-stream Reynolds numbers
based on model length of 0.47 X 106 and 1.7 x 106, Measurements obtained lead to the
following conclusions:

1. The heating peaks due to bow shock impingement and wing root interference were
found to be similar on the 14° and 25° swept wings and to decrease as the wing sweep
increased to 50°.

2. The bow shock impingement heating initially increases and the interference area
becomes broader as the angle of attack increases until at some higher angle of attack it
decreases; this angle of attack is lower for the 50° swept wing. The wing root interfer-
ence heating increases with angle of attack up to 40° and then remains approximately
constant for all sweep angles. As a result, at large angles of attack the wing root inter-
ference heating becomes the dominant type of interference heating.i -The angle of attack
at which this occurs varies with sweep angle, being lower for the largest sweep angle.

3. A small circular fillet of the wing leading edge was found to reduce the peak in
the wing root interference heating near the leading edge.

4. With increasing Reynolds number both types of heating peaks increased and the
wing root interference heating began to move onto the fuselage.

5. The total heating to the wing windward surface was found to increase with angle
of attack up to about 40° and then to remain approximately constant for all sweep angles
as the angle of attack increased to 60°. The total interference heating also increased
with increasing Reynolds number and decreased with increasing leading-edge sweep.

6. Transmitted shock impingement position was found to move inboard as the angle
of attack increased, with variations in rate and distance depending on wing sweep angle.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., November 16, 1972,
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Figure 3.- Model sting. All dimensions are in centimeters,
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t =4 sec

L-72-6584

Figure 5.- Phase-change patterns for A =25° « =409, and Rm’l =0.47 x 108,
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Figure 22.- Transmitted shock impingement point.
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