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the swept-wing leading edge appears as follows:

Estimation of the Maximum
Temperature of a Swept Leading Edge

for an Equilibrium Glide Entry

DA vis H. CRAWFORD*
NASA Langley Research Center, Hampton, Va.

TNTEREST in the space shuttle with a large lateral range
•*• capability has prompted several designers to propose
swept- or delta-winged configurations. A simple relation for
estimating the maximum stagnation line temperature on the
wing leading edge during an equilibrium glide entry is derived
herein. This relation, amenable to hand calculation, is based
on a modified form of the Detra, Kemp, and Riddell relation-
ship1 for the laminar heating (Btu/ft2-sec) to the stagnation
point of a sphere of radius R:

where f = [2Cp(Tm - Tw) + u*]/[2Cp(Tm - 540) + u^} and
where p, p0, Cp, and TT

00 are the local density, the sea-level
density, the specific heat, and the temperature of the air,
and where Tw and u are the vehicle wall temperature and the
flight velocity. The atmospheric density variation, p =
pke~~Pa, is that suggested by Chapman in Ref. 2 where the
reference density, pk = 0.087 lb/ft3, together with a value of
ft = 1/23,500 provides satisfactory accuracy in the altitude
range a of current interest. The velocity (fps) determined
by equating the sum of the aerodynamic lift and centrifugal
forces to the weight of the vehicle, is

u' = E + a)gB]/[(RB + a)p/2 + B] (2)

where RE is the radius of the earth (20.9 X 106 ft), and B =
W/SCL, where W, S, and CL are the weight, planform area,
and lift coefficient of the vehicle.

The stagnation-line heating on a swept cylinder is related
to the stagnation-point heating on a sphere by the factor 21/2,
and the function cos^A,, Refs. 3-4, where Ae, the effective
sweep angle, is sin-1 (cosa sinA). Thus, the heat transfer to
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(3)

At maximum heating the derivative of qs with respect to a in
Eq. (1) or Eq. (3) vanishes (p and u are functions of a, but the
temperature variation is trivial). The corresponding values
of altitude and velocity are

where

T? = [ft(RB + o) -
(3.15

<P = [2CP(TW -
[2Cp(Tm -

and

(4)

E + a) - 1 ](3.15 + 2<p)}

U*][2CP(Tm - 540) + u2]

(5)
where

f = a)2](2.15
[ft(RB 2<p)

When the maximum convected heat transfer from Eq. (3)
is set equal to the radiated heat transfer, the stagnation-line
temperature is given by

TV = X
(cos^A,)/^1/2 (6)

where a and e are the Stefan-Boltzmann radiation constant
and the emissivity, and the sea-level density is given5 as p0 =
0.0765 lb/ft3.

Iteration is necessary to evaluate u, a, and TV. The con-
vergence is rapid since the terms which call for iteration have
a minor effect, and average values can be used with little error.
For instance, the velocity u at which maximum heating
occurs varies only in the narrow range from 21,650 fps to
21,680 as W/SCL is varied from 40 to 320; similarly, a and
Tw vary over a narrow span as a function of W/SCL.

The foregoing discussion suggests the simplification of
Eqs. (4-6) by evaluating constant terms, by selecting nominal
values of terms which vary slightly, and by dropping negligi-
ble terms. With an assumed wall temperature of 3000° R and
an assumed stream temperature of 400°R, the following
simplified relations for peak heating may be found :

u = 21,650 fps (7)

a = 233,200 - 23,500 ln(10-2£)ft (8)

Tw = 3202(10~2£/#e2)1/8 cos°-275Ae°R (9)

for a swept-cylinder leading edge, and

Tw = 3492(10-2£/£e2)1/8°R (10)

for a sphere stagnation point. Thus, with B = 100 lb/ft2,
R = 1 ft, e = 1.0, and Ae = 0, the maximum equilibrium tem-
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Fig. 1 Maximum stagnation-line temperatures for equil-
ibrium-glide entry.
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perature of 3202°R will occur at an altitude of 233,200 ft.
When the wing is swept 60 °, the maximum leading-edge tem-
perature is 2646° R and the maximum spherical-nose tempera-
ture is 3492° R. These temperatures differ from those calcu-
lated by the iterative procedure by less than 14°, which is an
accuracy far greater than that inherent in the original calcu-
lated method of Ref. 1. Since the Re/fi range is from 4000 to
30,000 the assumption of laminar flow is well justified.

The preceding analysis assumes the vehicle to hold a con-
stant altitude at each station of study. Along an inclined
flight path with a resultant velocity U, with components u
and v in the circumferential and radial directions, and with a
resultant aerodynamic force inclined at an angle 6 to the
vertical, we have

TV = (868/cr) { [20(1 + 5)/p0C72]77X}1/2(10-8C72)1-575 X
£(B/Rez)U2(co^Ae)/2U* (11)

where

6 = v*/g(RE + a) and X = (L/D)/[l + (L/D)2 cosfl]1/2

The equations showing the velocity and altitude where the
maximum possible temperature occurs become

(12)

(13)

+ 5) = gf

a = - (1/0) In {[20(1 + 5)/pkU*]Brj\}tt

Note that these equations in which the higher-order terms
have been ignored are similar in form to Eqs. (4-6). If 6 « 1°
(v ~ 0.0175w), the difference in calculated Tw introduced by
neglecting these terms is less than 0.001%; if 6 « 10° (t; «
0.17614), the difference is less than 0.05%.

With small error (well within the uncertainty of the ref-
erence calculation method), Eqs. (11-13) may be simplified to
the following:

U/(l + 5)1/2 = 21,650 fps (14)

a = 233,200 - 23,500 ln(10-2£A)ft (15)

Tw = 3202(10-2J5/#e2)1/8(cos°-275Ae)(l + 5)°-394A1/8°R (16)

and for the hemisphere nose

Tw = 3492(10-2£/#e2)1/8(l + 5)°-394X1/8°R (17)

Examination of Eqs. (14-17) shows that these are related to
Eqs. (7-10) by the functions (1 + 5) and X = (L/D)/[1 +
(L/D)2 cos0]1/2. For entry at a small 6 with high L/Z), these
terms are near 1.0 and have little effect. For a rapid estimate
of maximum equilibrium temperature, the results of Eq. (9)
are presented in Fig. 1. For steeper descent, the temperature
will be changed by the factor (1 + 5)°-394X1/8.
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Flexibility Coefficients for Structural
Joint Assemblies

SAUL M. KAPLAN*
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Introduction

THE sharp, localized reduction in effective modulus of
rigidity (El) across structural joint assemblies signifi-

cantly influences the natural frequencies and mode shapes of
launch vehicles, missiles, and spacecraft. The modular con-
struction generally featured in unmanned spacecraft, for ex-
ample, will result in structural joint flexibilities that can
cumulatively reduce the natural frequencies associated with
principal structural resonances by 10-25%.

Structural joint bending flexibility data have been pub-
lished by Alley and Ledbetter.1 Their empirical results, as
shown in Fig. 1, present joint rotation constants, or bending
flexibilities, as functions of: 1) the diameter of the structural
joint assembly; and 2) the nature of joint construction. The
four categories of joints—excellent, good, moderate, and
loose—identified by Alley and Ledbetter, have their flexi-
bility values presented as rather wide scatter bands. These
structural joint flexibility data, while originally conceived
as being applicable to multistage launch vehicles and missiles,
have been successfully applied to a wide and diverse spec-
trum of other structures, including spacecraft, deployable
spacecraft antennae, solar panels, and other complex space-
craft subsystems. Some high levels of correlation between
structural dynamic analytical predictions and subsequent

REFERENCE; ALLEY, V.L., a LEDBETTER,s.A.,"PREDICTION a MEASUREMENT
OF NATURAL VIBRATIONS OF MULTISTAGE LAUNCH VEHICLES"
AIAA JOURNAL. VOL. ! , NO. 2, PP. 374 - 379, FEBRUARY 1963.
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BUTT WELDED SKIN
HEAVY BOLTED, PRELOADED

GOOD JOINT
HEAVY FLANGE BOLTED
THREADED DIAPHRAGM
MARMAM BANDS

MODERATE JOINT
RIVETED, LAPPED
RIVETED TO INNER RING
SCREW SECTION WITHOUT BUTT
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\ EQUALLY SPACED BRACKETS

1 BRACKET
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Fig. 1 Alley and Ledbetter's joint rotation constants.1
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