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Statics and Aerodynamics of Lifting Decelerators

L. H. TowNEND*
Royal Aircraft Establishment, Farnborough, Hants, England

At super and hypersonic speeds, lifting decelerators may take the form of parawings or two-
dimensional ““sails.” For freestream Mach numbers between 10 and 4, an analysis is made
of the profiles assumed and isentropic waves produced in nonviscous flows by two-dimensional

sails, under pure tension and of finite weight.

At the higher freestream Mach numbers, large

parts of the compression flow are virtually centered, and even for long sails (e.g., 100 ft chord)
at a high Mach number (e.g., 10) and low stress (e.g., 5 tons/in.%), the weight of such a mem-
brane need not exceed 1 1b/ft?. The two-dimensional analysis can include the effects of skin
friction, and is extended to singly-curved ‘““caret’’ sails, which allow leading edges to be swept
but can still produce two-dimensional waves; equilibrium can still be maintained by appro-
priately applied tensile forces. Experimental evidence on two-dimensional, rectangular
sails tends to support the theoretical predictions that much of the sail compression flow will

be nearly centered.

Nomenclature
cr = skin-friction coefficient
k = [(v = 1)/(v + 1)]*?
M = local Mach number
M, = component of freestream Mach number normal to
shock wave
P = static pressure
pr = stagnation pressure
P = elemental pressure forces (Fig. 10)
q = kinetic pressure
T = radius vector in Prandtl-Meyer wave
s = sail are length
T,T7,,T: = sail tensions
w = sail weight per unit material area
z,y = see Fig. 3a
z',y'2’ = see Figs. 9 and 10
w1’ = see Fig. 10d i
A = true sweep of wedge-spar leading edge
8 = (M2 — 1)12
Y = ratio of specific heats
¢ = shock wave angle [sin~Y(My/M )]
NKE = kinetic energy efficiency
8,0.,0 = see Fig. 3
“ = Mach angle [sin—1(1/M)]
v = Prandtl-Meyer streamline angle
T = gee Fig. 10
¢ = Prandtl-Meyer ray angle (see Fig. 1d)
Subscripts
! = lower surface of sail
comp = sail flow discharge conditions
0 = sonic conditions
u = upper surface of sail
1 = conditions beneath wedge-spar
® = conditions in freestream

I. Introduction

LTHOUGH the trajectory of a high-speed load can be
greatly modified by the drag of an aerodynamic de-
celerator, further control could be achieved by the provision
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of lift or side forces. In particular, the load could be steered,
and/or allowed to glide.- Thus, in practice, “lifting decelera~
tors” are of considerable interest (see, for example, American
work on the supersonic parawing!=), and have been studied
in theoretical work, both in parawing form and as two-dimen-
sional “sails” ([see Hayes and Probstein®® and Figs. 1a and
ib)].

In 1958, Daskin and Feldman!* examined the aerodynamic
properties and geometric form of a rectangular sail, which
they assumed to produce a two-dimensional influence on a
hypersonic flow. Their analysis was based on a modified
Newtonian approximation!? and they assumed that the sail
was of negligible weight and stiffness, that tension was con-
stant (i.e., that skin friction was also negligible) and that
sail porosity and boundary-layer growth (or separation) were
negligible. In 1959, Fink'® produced a linearized analysis of
the impermeable sail in supersonic flow; in 1960, Boyd!*
extended the analysis of Daskin and Feldman by including
Busemann’s centrifugal correction to Newtonian flow and in
a second paper,’® re-analyzed the supersonic sail by means of
simple wave theory according to Busemann’s second-order
approximation. In 1961 Boyd' analyzed the hypersonic
parachute, and in 1962 and 1963, investigated-® the effects
of porosity. In 1967, Heynatz and Zierep® analyzed the
two-dimensional nonporous sail, at small angles of attack
and small slopes only, but at freestream Mach numbers in the
range from transonic to hypersonic, and included a study of
sail stability. Also in 1967, the present author analyzed?*
the two-dimensional sail, not by the use of hypersonic ap-
proximations but on the basis of shock and isentropic com-
pression theory, and extended the study to certain three-
dimensional sails; the present paper summarizes that analy-
sis and presents 1) typical examples of the profiles assumed,
waves produced and forces sustained by sails of various
weights, 2) estimates of membrane weight for various flight
conditions, and 3) a schlieren photograph of a supersonie sail
flow produced in shock-tunnel tests by Cox.?

II. Rectangular Sails

A sample sail shape (caleulated as by Boyd,* using a
Newton-Busemann pressure law) is shown in Fig. 1d; this
exhibits a rapidly increasing curvature, which is typical of
sails at high Mach number and constant tension. For New-
tonian flow, the shock must of course coincide with the sail
profile—however, if the sail shape and its real flow (a plane
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shock on the wedge spar and an isentropic sail compression)
were accurately calculated, one might expect (from, for ex-
ample, Boyd’s results) that the isentropic wave might quite
closely resemble a reversed Prandtl-Meyer wave, and so
might produce “nearly centered” compression. This possi-
bility is examined first.

For a sail of constant tension and zero weight to produce
precisely centered compression, 1) its shape must be that of a
Prandtl-Meyer streamline® (r/r, = sec'*’k¢ in Figure 1d),
and 2) from geometry and the membrane equation (.e.,
static pressure difference = Td6/ds) the required distribution
of static pressure difference is*

Ppr—p) (1 tanke cosV k¢
T T \kr )1+ (1/k%) tanZke]¥?

Since the lower surface static pressure will be

— —v/{y—1)
P (1 ! M) _

Pr
k2 1 ) — (k24-1)/2k2
<1 - B —1 [1 + ﬁ tan k(ﬁ])

the upper surface static pressure must be

(i T L ng])
o <1 . [1 -+ o tan?ke

Airflow function
(1 _ > tan%¢ cosV*’k¢ T
7

k2 L+ (1/k?) tan%¢]* prro
Membrane function

Thus, in Fig. 2 the vertical distance by which a point on the
curve for the airflow function lies above a particular mem-

s

SAIL SHOCK

a) b)

77 2

NB. Ppge = STAGNATION PRESSURE | ?
DOWNSTREAM OF NORMAL
SHOCK IN FREE-STREAM

C)

FOR CENTRED COMPRESSION
™ l/ 2
L =seck k¢
rO

2 Y- \
k:——'—— Q ° T

¥ +1
d)

Fig. la) NASA parawing (straight leading edges)s;

b) two-dimensional sail in Newtonian flow; ¢) typical sail

profile (Boyd!%); and d) sail producing centered compres~
sion.

STATICS AND AERODYNAMICS OF LIFTING DECELERATORS 1929

60

<50

N| R FLOW FUNCTION
N FOR CENTRED, ISENTROPIC
COMPRESSION OR EXPANS{ON MEMSBRANE FUNCTION

-

-40 S

\

30

N

4
El

-20 P, Ty

‘02

/
NN
N X\ﬁ;

1o \ o 's0° 60° 70°

p.T, ¢
TTO i 2_¥-1 | | I
Ma28 K =ﬁ(=_‘- IF ¥=1-4)
-05 \
/ I\ .l
|

1

\

RATIO OF STATIC PRESSURE TO STAGNATION PRESSURE

Qo eM=4

o 0* 20° 30° 40° 507 60 70°
k$ (NB. AT Meoo, k§=90" AND ($-90°)xVmax=13045")

Fig. 2 Variation with loeal Mach number of aerodynamic
and geometric properties for a sail producing centered
compression.

brane curve, corresponds to the local value required of p./pr.
By appropriate selection of prr,/T, a membrane curve can be
aligned quite closely with the airflow curve, at least over a
limited Mach number range—this means that, in this range,
p./pr need not vary much to maintain centered compression,
or perhaps, that a sail with zero or constant pressure on the
upper surface should produce a nearly centered wave on the
lower. From Fig. 2, it seems that this will not occur at low
Mach numbers (k¢ <25°, M <1.5 approximately). How-
ever, it seems likely to occur at the higher Mach numbers at
which lifting decelerators might be deployedf{—whether it
oceurs to a significant extent on practical sails having real-
istic upper surface pressures and finite weight can be studied
as part of the more general question of what types of wave
and what contributions to lift and drag such sails can provide.

A. General Case

Consider the equilibrium of an element of a two-dimen-
sional sail (see Fig. 3a) which is of negligible stiffness and
subject to negligible increments in static pressure caused by
porosity, or boundary layer thickness or separation. Then
the forces in Fig. 3b must be in equilibrium as follows:

T cos(d8/2) = (T + dT) cos(d8/2) + wdssin(8 + 6.) + q.csds
(p1 — pwyds = 2T + dT) sin(df/2) + wds cos(f + 6.)

note that skin friction has been assumed to act on one side
of the sail only, since the low pressure side will probably be
washed by recirculating flows of low velocity. At high
supersonic and hypersonic speeds, skin friction is likely to be
significant; on the other hand, the contribution of sail weight
to sail tension [aforementioned wds sin(d -+ 6.)] should be
negligible compared with tensions already induced by flow
compression. Thus, the equations become

dT/ds = —qucy, Tdl/ds = pr — [pu + w cos(8 + 6.)],

1 In an alternative analysis, Pike?? has compared the radius
of curvature of a Prandtl-Meyer streamline with that of a sail
having constant tension, zero weight, and zero upper surface
pressure; Pike shows that, for v = 1.4 and M > 7, these radii
differ by less than 89, and that as M, — o« their difference
tends to zero.
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ment of unit width
and length, ds.

from which elimination of 7' gives

ds _ dx  dy 1 _7pT1B
30 " o009 sméap ~ © e =
— —~y/{(v—1)
B=[<1+72 1-Ml?> —p“+w(;;)s(e+0”)},
Vit

= meCf + d/d8{p: — [pu + w cos(6 + 06)]}d0

{pi — [Du + weos(@ + 61}

Thus the sail profile is given by

pre _ (8 exp() ( r 1 >
el i S G ey = L

pry _ (Bexp(D) . < 1 1
ool M B e e e e L

in which 8 = O 4 (1/k) tan—%83; — tan=18, — (1/k) tan—%3
+ tan—186.
If skin friction is negligible, then

exp(l) vy —1 \ —v/(v=1) B
DA+ ]

Pu + W cos(d + 00)}”1
pT1

and the aforementioned integrals are modified accordingly.
For this condition, which gives rise to constant tension,
typical sail profiles and associated flows are shown in Figs.
4-7.

In Fig. 4a, for p./p. = 0, My = 1 (ie., fully isentropic
flow) and w/p. = 0, 0.2 and 0.4, sail profiles are drawn for
freestream and discharge Mach numbers (Mo and Meomp) of
10 and 3.5, respectively; sail profiles are shown in the top
two sketches, firstly in terms of pr, «/T and pr, y/T, and
secondly, for direct comparison at equal chord. Sketch A
confirms that curvature increases rapidly towards the trailing
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edge and also that, as sail weight rises, then, for a given
extent of compression pr, z/T also rises, so that, for given
values of pr, and sail chord, tension is consequently reduced.
Sketch B shows that, the heavier the sail, the more rapid is
the rate of increase of curvature towards the trailing edge,
with the result that, since regions of small dy/dz extend over
larger proportions of the chord, the heavier but more moder-
ately tensioned sails lie above the lighter sails. From this
fact it also follows that for the heavier sails, the first char-
acteristic of the sail flow (i.e., that at which streamline
curvature is initiated) lies further from the trailing edge;
but in the three drawings showing wave positions (for p./p, =
0 and w/p, = 0, 0.2 and 0.4, and for sail chords of approxi-
mately 100 in.), it is further seen that compression waves
corresponding to local Mach numbers between 7 and 3.5 are
nearly centered.! In Fig. 4b, the effect of changing the upper
surface pressure to p./p. = 0.5, is seen to be a significant
change in the positions of initial waves, but little change in
the centering of later waves. Finally Fig. 4¢ shows, for two
values of p./p., the lifting effectiveness (Cr) and efficiency
(L/D) of sails in nonviscous flow at M, = 10, and also at
M. = 7 and 4. The wedge-spar is assumed to be extremely
thin, so that the forces and flow losses it produces may be
neglected; the lift coefficient may then be written as

Cr = T sin(e, — Veomp)/ () = SINVeo — Veomp)/
[(9e/P1e) (Pro/ D) (Pre/T) ]

in which (¥o — Veomp) 18 the angle through which the sail
turns the flow; lift-to-drag ratio in nonviscous flow is
(L/D)eonss 7 = SN — Voomp)/ [l — €08(Fe — Veomp)] OF
cot[(ve — Veomp)/2], and with axis variables C'; and L/D,
lines of constant drag coefficient are easily constructed.
Because of the assumptions in this example that the flow is
isentropic throughout (i.e., pr, = pr.), local values of static

Table 1 Values of sail and flow parameters

M., Mn, n&E, Fig.
M comp 6 and M, Pu/Po W/Pw prx/T No.
_ 0 3500
My =1 0 02 387 4a
s 0.4 4393
6 = 0° 0 4743
0.5 0.2 5799 4b
10 M, = 10 0.4 8410
3.5 My— 1.4 0 1991
0.5 0.2 2110
ke = 0.999 0.4 2252 5
6 = 3.264° 0 2336
1.0 02 2533
M, = 8.870 0.4 2789
_ 0 91.07
;= Sl 05 02 9347
K ' 0.4 96.04{ o
25 © = 10.22° 0 97.61
M. = 51 10 02 1005
0.4  103.6
_ 0 2431
y e lRe 05 02 26.79
" ‘ 0.4 30.16{
1.5 6 = 4.265° 0 32.56
M, — 3690 10 02 3922
0.4  54.49

1 In practice, convergent characteristics would coalesce into
a shock wave, together with a reflected wave which would be
either an expansion or a compression, according to the value of
M, and the extent of compression caused by the sail. For
clarity of Figs. 4-7, interactions are not shown.
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Fig. 4a Two-dimensional, isentropic sail (i.e., My = 1),
as influenced by weight and upper surface pressure.

pressure ratio arelgiven as

P _ D Pry _ <2 + (v = 1)MJ>7/(7"1)
Po D7 Do 2+ (v — M2

thus lines of constant static pressure ratio can also be easily
constructed on Fig. 4c, and the likelihood of boundary-layer
separation assessed.??

If at M. = 10, a sail is mounted behind a wedge-spar
sroducing a shockwave (My = 1.4 in Fig. 5), the effects of
w/po, on sail profile and its position relative to the first char-
acteristic of the sail flow (see Sketch B) are much reduced,
nearly centered compression being obtained over a similar
range of local Mach number; with My = 2.6, the effects of
w/Pp. on profile are extremely small.®

As seen from Figs. 4 and 5, pr, /T always increases with
w/pe if other parameters are constant. In Figs. 6 and 7
(M, = 7 and 4, respectively) plots of pr, x/T are not shown
since this trend is unchanged. The effects of w/p, on sails
at M, = 7 and low My are significant,® but even for w/p, =
0, initial compression waves lie well below the near-focus of
waves in the range 5 > M > 2.5. If My is increased to 2
(see Fig. 6) the effects of variations in w/p, are slight. Much
of the compression flow isnearly centered.” For sails operating
at M, = 4 and My = 1.2 (see Fig. 7) the influence of w/pe
is considerable but, even at w/p. = 0 and for the rather
short sail drawn, initial waves lie well below the points at
which Iater waves intersect, and no part of the compression
flow can be described as centered; if My = 1.6, the influence
of w/p. 1s reduced? but again, even for weightless sails, initial
waves lie below the intersections of later waves, and even
the latter are not closely centered.

It is tentatively concluded from Figs. 4-7 and from others®
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as influenced by weight and upper surface pressure.

that: 1) in nonviseous hypersonic flows, significant extents
of nearly centered compression may exist beneath sails in
pure tension; 2) as freestream Mach number falls to super-
sonic values, centering of the waves becomes less marked;
3) at a given freestream Mach number, increases in upper
surface pressure and/or sail weight usually increase the gaps
between initial compression waves and the near-focus of
later waves; and 4) at a given freestream Mach number,
an increase in the wedge-spar angle reduces the influence of
upper surface pressure and of sail weight.

It has been shown that a combination of M., My, w/ps
and p./p. leads as a mathematical requirement to a particu-
lar value (see Table 1) of pr, z/T'; the engineering accept-
ability of these combinations is now examined.

For a sail tethered to the trailing edge of a wedge-spar
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as in Fig. 3, one may write?

pri¥ _ [ 2+ (y — DM.? ]7/(7—1) pus
T L2+ 0~ 9zr)(y — DM.? T

in which, for a given value of Ma, 1) nxr prescribes the
strength of the shock on the wedge-spar and, hence, M x and
M;, 2) p, implies an equivalent air speed (EAS), and 3)
z is the sail chord. If these parameters are allotted nu-
merical values, then for a chosen pr, /T, a particular value
will result for 7, the sail tension per foot span. For example,
in Fig. 8 the variation with 7" of pr, /T is shown for sails
having = 1, 10 and 100 ft, and operating at M, = 10, 7
and 4 and identical values of EAS (350 knots); the effects of
varying shock strength are indicated by nxz values of 1.0
and 0.99 (see Table 1). Extra scales indicate 1) the thickness
of sails which would operate at specified lensile stresses (5
tons/in.2 and 10 tons/in.?), and 2) the sail weight per unit
wetted area which would result for a sail material such as
high quality stainless steel (which has a density of 0.28 lb/
in.?). Note that, even for the lower stress level (5 tons/in.2),
sail thickness and weight need not exceed values of 0.05 in.
(approximately 18 swg) and 2 lb/ft? respectively; the corre-
sponding value of sail tension or spar loading is about 7000
1b/ft span.

Values of pr, /T for realistic operatlng conditions lie be-
tween 10 and 10000; thus the values of pr o/T requured in

Figs. 4-7 (lying in the “boxes” on Fig. 8 and listed in Table
1) can be compatible with engineering realism. For 350
knots EAS, w/p. = 0.4 would frequently be too high a sail

weight, even for stress levels as low as 5 tons/in.2 In Ref.
20, tabulated values of EAS and p. show how, at various
values of M., the flight environment would vary—with
these values of p., in the foregoing equatlon Fig. 8 could be
redrawn for EAS s 350 knots.
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III. Caret Sails

At design conditions of Mach number and incidence, two-
dimensional, centered, isentropic waves can in principle?4 be
formed by and contained between so-called “caret” surfaces;
if the leading edges of such surfaces are straight, each surface
is conically curved through the tip. Surfaces of single but
nonconical curvature may also produce and contain two-
dimensional but noncentered isentropic waves (see Fig. 9a).
Both types may be individually wrapped from initially flat
flexible foils of correct developed planform. Suitably
tethered, such a foil can form a caret sail, though any ele-
ment (such as E in Fig. 9b) will require not only chordwise
tensions, but transverse tensions to counter the side force
caused by anhedral.

Consider the geometry of element E. The axis Oy’ is the
focal line of the compression waves from AD and BC (ie.,
the “instantaneous focal line” for a part of a noncentered
flow); Oz’ and 0z’ form an orthogonal system of axes with
0y’, in which system Oz’ is aligned with the inflow direction
(given by M or k¢), so that 0z’ is then at a defined angle to
the sonic plane (M = 1, k¢ = 0) of the given two-dimen-
sional flow. Suppose that the caret sail profile corresponds
to streamline S; further, for isentropic compression from M,
to M by a centered (i.e., reversed Prandtl-Meyer) wave,
suppose the streamline through element E is S’, with whose
center of compression that of S is instantaneously coincident:
finally, let streamline S” be that with which a two-dimen-
sional sail, producing isentropic compression from 3, to M,
would align itself. Since all three waves correspond to isen-
tropic compression from the same initial value of Mach num-
ber, their sonic lines are parallel, but not in general colinear.
It is clear that an element of length ds and projected width
dy’, situated at the point at which S, 8’ and S” are tangential,
will for all these streamlines, form projections onto the plane

My =20, pu/p0S

Fig. 6 Two-dimensional, wedge-spar-plus-sailat M, = 7.
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z’ 0y, which are of different geometries (rectangular for
S’ and S”, and trapezoidal for 8) but of equal area: similarly
the rectangular and trapezoidal projections onto the plane
2’0y’ will all be of equal area. Since the pressure on the
element is identical for all these streamlines, the components
of pressure force parallel to Oz’ and 0z’ are identical; it fol-
lows that, if any differences arise between the profiles and/or
statics of two-dimensional sails and caret sails, these must
be caused by the third component of pressure force (or to
differences in wetted area).

Of the pressure force on element E, the component P.’
(parallel to 0z”) and P.’ (parallel to 0z'), being equal to those
on a corresponding element of a two-dimensional sail, will
produce a resultant (P..’ in Fig. 10) which is identical in
magnitude [= (p: — p.)dsdy] and direction (parallel to z’0z’
and normal to streamline S). The third component P,’
is, by definition, parallel to Oy’ and so lies in the same plane
as Oy’ and the surface generator which passes, as a straight
line, through the point 0 and the centroid of element E.
P,’ may thus be replaced by two statically equivalent forces
P, and P,, of which P, lies along the generator and is such
that P, lies parallel to z’02’; since P, passes through the axis
0y’, the angle between P, and the streamline 8 must equal
the Mach angle, g = sin~'(1/M). Thus in the plane which
contains the streamline S, both P, and P,.” can be shown
(see Fig. 10b). P, is seen to contribute two components,
one which is directly additive to P,.” and is given by P, =
P, sing = P,/M, and one which acts tangentially along the
sail chord,

P,” = P,cosuy = P,(M? — 1)V2/M = P,/ (M? — 1)Y2
But from caret geometry [Fig. 10c],
P,/P.. = cot?’r siny = K[l + k2(M?2 — 1)]V+/M

N\

/

35

3:6901

pao*O

My 12, pu/ P05

Fig.7 Two-dimensional, wédge—spar-plus-:sail atM, = 4.
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and
_ [ 24+ (y — DMy sin?A %
2YMx? — (v — 1)} cos? — sinZA
1
[T+ BQLF = DI
(= 0 for rectangular sails)
Thus

PT’PIZ'7= (l/M)Pr/PM' — K[l + kz(zw2 _ 1)]”"2/M2
and

P/P.' = (M* — 1)V*P,’/P..'
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/

Fig. 9a Nonconical, singly curved caret surfaces.
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1934 L. H. TOWNEND

STREAMLINE S

Fig.10a Components of the pressure force on element E.

xl

Fig. 10b Components parallel to the plane x’0z’.

The forces P,, P,’, P,”, and P..’ can now be related® to sail
tension, skin friction and the weight of element E. If w
sin(6 + 6.) is again neglected together with skin-friction drag
sinece boundary-layer cross-flows?* cannot as yet be calculated
except for laminar flow on conically curved carets,®%
analysis (which is two-dimensional®) gives the sail profile as

Pt o prn 9 (pl - pu)
Tru J:a 7 exp{fe g X

]% (M2 — 1)Y2 (1 4 k(M2 — 1)]“”035} cosfdf

pry _ (0 Pn f5 (pr — pu)
T,, Jo E exp{ ) E X

J% (M2 — 1)Vz (1 4+ k(M2 — 1)]1/’°2d5} sinfd

in which 7';.. is the tension at the leading edge of the par-
ticular spanwise section considered, and

E = (p— p){1 + (K/MH[1 + k(M2 — 1]} ~
wcos(d + 0.){1 + (K/MH[1 + k2(M2 — 1)]vsjue

The remaining force is P,, which applies tension along the
generator; for a given generator, these tensions may be
summed to give®

Ta]root = (K/M) [1 -'— kZ(II/I2 _— 1)]1/}:2 X
(pi — pu) (e’ — ) seer

Thus, as shown in Fig. 10d, the components of pressure
force on an element of caret sail are such that; 1) some can
be resolved along surface generators and so be balanced by
tensions at the root, and 2) the remainder lie in a single plane
and can be analyzed in two dimensions.

IV. Experimental Results

A two-dimensional model (see Fig. 11a) has been tested by
Cox?! in “a hypersonic stream of nitrogen produced in the
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Fig. 10¢ Geometry of wedge-spar-plus-sail.
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Fig.10d Tensions to balance pressure force on element E

R.A.E. Shock Tunnel (see Fig. 11a). The model consists of
a rectangular wedge at 10° incidence and a rectangular sail
of 0.002 in. shim steel; the wedge and the sail are each about
4 in. long. Sails survived the starting loads and the steady
running condition, but were torn from the trailing edge
support during flow breakdown.

In one test (see Fig. 11b), M1 ~ 5, R. ~ 5 X 105/ft, M,, =~
7, and © =~ 10°, the flow was turned by the sail through
about 30°, and the compression wave seemed to be approxi-
mately centered; the static pressure ratio (Peowmp/p1) would
be about 20 for v = 1.4 = constant, provided there was no
boundary-layer separation. There is in fact no evidence of
separation and, for nitrogen, <y-variation caused by com-
pression would be very slight; thus, the model and test
conditions correspond closely to those assumed for Fig. 6
with which Cox’s schlieren photograph should be ecompared.
Close examination of the photograph suggests that the rear-
most parts of the compression were centered, and that the
shock from their focal point intercepted the initial sail flow
characteristic, as it happened, near the shock from the
wedge-spar. There is, thus, some experimental evidence to
support the predictions in this paper that 1) hypersonic sails
may produce significant extents of nearly centered com-
pression, and 2) a gap will often exist between initial com-
pression characteristics and the near-focus of those further
downstream.

V. Conclusions

For freestream Mach numbers of 10, 7, and 4, rectangular
sails in pure tension and of finite weight are predicted to
produce two-dimensional isentropic compression waves;
for the higher freestream Mach numbers, the downstream
parts of these waves are nearly centered. At a given free-
stream Mach number, an increase in upper surface pressure
or sail weight usually increases the gaps between initial com-
pression waves and the near-focus of later waves; if a wedge-
spar is attached to the leading edge of a sail, an increase in
wedge angle appears to reduce the influence of upper surface
pressure and sail weight on sail profile and wave form. In-
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Fig. 11a  Sail model (Cox21).

y

Fig. 11b Schlieren photograph for M, =2 7 (Cox?!).

vestigation of the structural aspects of two-dimensional
sails suggests that, even for long sails (e.g. 100 ft chord)
at high Mach number (e.g., 10) and low stress (e.g., 5 tons/
in.?), the weight of the membrane need not exceed 1 Ib/ft

For caret sails, equilibrium still requires only tensile forces,
some directed along the chord of the sail, and some acting at
the root and directed along the generators of the singly
curved surface.

Experiments at R.A.E. have provided some evidence to
support the predictions in this paper that 1) hypersonic sails
may produce significant extents of nearly centered com-
pression, and 2) a gap will often exist between initial com-
pression characteristics and the near-focus of those further
downstream.
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