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separated mode. The scale effect is obviously one of the key
parameters,

The c* efficiencies for the penetrated, mixed, and separated
cases averaged out at 93, 97, and 939, respectively. These
figures were not corrected for heat transfer or discharge
coefficient, but such corrections would not change the relative
standing by more than 1%. At this level of ¢* the 4%
difference between the mixed mode and the other modes
represents a significant change. Operation under mixed
mode conditions results in a uniform propellant spray and
optimum combustion efficiency.
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Effect of Vortices on Delta Wing
Lee-Side Heating at Mach 6

ArrenNy H. WHITEHEAD JR.*
NASA Langley Research Center, Hampton, Va.

Nomenclature
L = model chord length
M., = freestream Mach number
p/P- = ratio of local static pressure to freestream static pressure
R, = freestream Reynolds number
St, = local Stanton number based on freestream conditions
x = distance down centerline from apex
@ = angle of attack
] = surface angle from centerline through apex
Subscripts
L = model length
x = distance down centerline from apex

ECENT investigations!—® have indicated pressure and
heating levels on the lee surface of a delta wing con-
siderably above that predicted using two-dimensional ex-
pansion methods. Examination of the lee-surface flowfield
in these studies revealed that this localized high heating and
pressure in the eentral region of the wing is induced by coiled
vortex sheets present above the surface when conditions are
conducive to separation. Hypersonic experiments indicate
that separation and the associated vortex system can initiate
either at the leading edge or at the base of an inboard shock
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Fig. 1 Flowfield, centerline heating, and pressure distri-
bution on lee surface of 75° swept wing; M, = 6, o = 5°
(unless otherwise labeled), L = 26.1 in.

system. The major difference in the flowfield when the
flow separates at the leading edge is that the vortex structure
appears further outboard than when the vortex initiates at
the base of an inboard separation. The nature of the flow
in the centerline region is dependent on the spanwise location
of the vortex.! In previous hypersonic experiments on the
lee surface the flow was separated inboard of the leading
edge.l:2 The present investigation was undertaken to de-
termine if severe heating persists over the lee surface when
the flow separates at the leading edge. Furthermore, the
present study, conducted in the Langley 20-in. Mach 6 tunnel,
extends over a much wider Reynolds number range than
previous tests.

The present delta wing was sting-mounted and had a
sharp leading edge (<0.003 in.) with a sweep of 75° and a
14.6° wedge angle (measured normal to the leading edge).
The leading-edge shock was calculated to be detached at all
angles of attack. An oil-flow technique was used to indicate
direction and relative magnitude of the surface shear forces,
and to indicate the location of separation and reattachment.
In this method, random dots of an oil and lampblack mixture
are applied to the model surface prior to the run. The
vapor-sereen technique gave additional evidence of the vorti-
cal structure above the lee surface. Temperature data were
reduced to Stanton numbers by methods similar to those
described in Ref. 4 and assuming a turbulent recovery factor
of 0.895. Local Mach numbers used in determining turbu-
lent recovery temperatures were obtained from measured
static and freestream total pressures.

Previous tests show peak heating on the lee surface of a
delta wing coincident with a high shear area in the centerline
region identified by a feather-like oil flow trace.! This high
shear region was also revealed in the present experiments
by the oil flow results as indicated by the sketch of Fig. 1.

The effect of a Reynolds number variation from 2.4 to 18.7
million on the lee-surface centerline heating is shown in the
lower portion of Fig. 1. The data depart initially from lami-
nar theory® and then rise to a peak whose value and location
are unit Reynolds number dependent. The heating de-
creases beyond this peak to near-laminar values with further
increases in Rw,.. An abrupt rise in heating then occurs and,
subsequently, the data achieve the level and trend expected
of a turbulent boundary layer. The peak Stanton number
values obtained on the centerline at the low Reynolds num-
bers are almost double the values found on the centerline
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Fig.2 Heating off-centerline on lee surface of delta wing;
M, = 6,0 =5°L=26.1in.

with a turbulent boundary layer. Furthermore, these peak
values are 10-159, higher than the largest Stanton number
values obtained on the centerline at @ = 0° at a comparable
freestream unit Reynolds number. (The « = 0° data ex-
tending over the same freestream Reynolds number range
show in the figure as a shaded region.)

Beyond about R,,.. = 6 X 10% a portion of the data at
the two highest unit Reynolds numbers correlates with a
slope and level predicted by the modified Spalding-Chi
turbulent strip theory® using Prandtl-Meyer pressure values
(virtual origin taken as the position of peak heating). Past
investigations indicate this simple flat-plate heating calcula-
tion generally predicts the trend of turbulent centerline
heating in this high shear region, but comparison of this pre-
diction with other delta wing data® suggests fortuitous agree-
ment of the level of the data. If only a limited amount of
this centerline data had been available (i.e., if data had existed
only for R.. < 10%), a conclusion might have been that
transitional flow existed. Examining the heating data be-
yond the peak (106 < R.,,. < 4 X 10%), however, indicates a
departure from flat-plate boundary-layer properties. Similar
behavior is exhibited by the chordwise heating from the lead-
ing edge of a 90° corner alined with the flow.”? The flow-
fields over the lee side of the delta wing and that over the 90°
corner are somewhat analogous because both geometries
generate vortices as a result of interacting flow components.

The centerline pressure distribution also exhibits a vari-
ation with Reynolds number, but the variation is much smaller
than that found for the heat transfer (159, compared to over
4009, variation of the heating from maximum to minimum
value at a given unit Reynolds number). Furthermore, the
peak pressure values do not occur at the same Reynolds
number as the peak heating values. The mean value of the
centerline pressure data is some 409 higher than the two-
dimensional Prandtl-Meyer expansion value. The observed
pressure variation is indicative of the complex flow phenomena
present on the lee surface. For R.,. > 107, the dependence
of the pressure and heating data on unit Reynolds number
appears to vanish.

Heating values on the remainder of the lee surface are
examined through normalizing off-centerline Stanton numbers
by the centerline value along a line perpendicular to the
leading edge (see sketch in Fig. 2). The six chordwise
stations nearest the trailing edge were selected; the most
forward station examined was located at about the half-
chord station from the apex (z/L = 0.48). Heating data in
the region where the centerline data are known to be turbu-
lent are shown on the righthand side of Fig. 2 (R.,z = 18.7 X
10%. In this case the data off the centerline correlate as a
function of surface ray angle 8. This high Reynolds number
conical correlation has been observed on delta wings at lower
Mach numbers.? Moving out spanwise from the centerline,
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the Stanton number increases until the exterior boundary
of the high shear region is reached (the ‘“feather’” region
determined by the oil-flow techniques). Beyond this
boundary, the heating falls to a nearly constant value until
near the leading edge where the heating decreases to a low
value.

At the lowest unit Reynolds number (R, = 2.4 X 10°%)
shown on the left of Fig. 2, no such simple conical correlation
was found. The same general trend exists in the central
region at a given z station as that for the higher Reynolds
number data, that is, an initial spanwise rise to the boundary
of the feather region followed by a sharp drop in the Stanton
number further outboard. However, the initial rise from
the centerline heating value increases in magnitude as the
distance down the plate increases. Near the trailing edge,
the heating just off the centerline is three times that at the
centerline. The data in Fig. 1 suggests attributing this lack
of correlation for these rearward six stations at B, 1 = 24 X
108 to the decrease in heating down the centerline. A nearly
constant peak heating occurs near the outboard boundary of
the high shear region for the six stations examined in Fig. 2
at any given unit Reynolds number.

The heating distribution for stations farther upstream than
2/L = 0.48 shows a departure from the behavior of the data
shown in Fig. 2. At all Reynolds numbers, the heating at
forward stations generally peaks at the centerline.

The results of this investigation of the lee-surface heating
when separation and the vortex system initiate at the leading
edge indicate that high localized heating occurs in the center-
line region which can be attributed to the vortices. A study
of the effect of a variation in freestream Reynolds number
from about 2 to 20 million, based on model length, shows that
the maximum values of the Stanton number on the lee surface
oceur on the centerline at low unit Reynolds numbers. These
values are well above laminar flat-plate predictions and ex-
ceed all Stanton number values found at zero angle of attack
at a comparable freestream Reynolds number. Thislocalized
high heating on the lee surface should be considered in the
design of hypersonic vehicles, especially for the cruise-type
vehicle which operates at low angles of attack. When the
centerline region is turbulent, the surface heating across the
span can be correlated in conical coordinates. No such cor-
relation exists for the lower Reynolds number data.
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