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Some Simple Scaling Relations for
Heating of Ballistic Entry Bodies

MICHAEL E. TAUBER*
NASA Ames Research Center, Moffett Field, Calif.

Nomenclature
A = base area of entry body
B = ballistic parameter, see Eq. (3)
C = constant, see Eq. (4)
CD = drag coefficient
k = constant equal to B/2(M — 1)
m = body mass
M = constant, see Eq. (4)
N = constant, see Eq. (4)
q = heat transfer into the body per unit area
Re — Reynolds number
t = time
V = flight velocity
y = flight altitude
/3 = inverse scale height of atmosphere
7 = flight-path angle below horizontal
p = freestream density

Subscripts
E = entry
F = final
0 = reference value (for Earth — sea level)

BALLISTIC atmospheric entries can be characterized by
three parameters. These describe the body, the flight

path, and the atmosphere; they are the ballistic coefficient
m/CnA, the flight-path angle 7, and the inverse atmospheric
scale height /3, respectively. In this Note some scaling rela-
tions are derived to show the influence of the aforementioned
three parameters on the total heating, per unit area, of a body
making a ballistic entry.

During that part of the entry where aerodynamic heating
is important, the drag is generally much greater than the
weight component along the flight path and the equation of
motion can be written

= -m-(dV/dt) (D
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If the flight-path angle is not too shallow (JE > 8°, approxi-
mately, at the beginning of the sensible atmosphere), it can
be assumed that

const = (2)

Using the assumption of an exponential atmospheric density
variation with altitude, Alien and Eggers1 integrated the
equation of motion and showed that

(3)

where

and

B = (CDA/m)(po/P swyis) = const

P = P/Po

Now, it is assumed that the heating rate per unit area can be
written in the form

(dq/dt) = C(p)NVM (4)

where N, M, and C are constants. Equation (4) is a reason-
able approximation for both laminar2 (N = 0.5, M = 3.1)
and turbulent3 (N =. 0.8, M = 3.7) convection if ablation
product blockage is negligible. For radiation, Eq. (4) is
only a crude approximation; for continuum air radiation
N = 1.8 and M = 15.5 (for V < 13.7 km/sec) has been used.3

The total heating, per unit area, experienced by the body
during the entry is

ftdq_
Jo dt (5)

By combining Eqs. (1, 3, and 4) and substituting the result
into Eq. (5)

CFi
(6)

Setting

k = (B/2)(M - 1)

and rewriting the integral

Fig. 1 Ratio of incomplete to complete gamma function.
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where the first integral on the right-hand side can now be
identified with the gamma function4 and the second one with
the incomplete gamma function, so thatf

- T(N,k)] (7)
Ratios of the incomplete to the complete gamma function are
shown in Fig. 1 for several values of N; it can be seen that
this ratio becomes small for k > 4. Physically, this corre-
sponds to bodies which have decelerated to a small fraction
of their entry velocity at impact. Thus, for VF <^ VE

q = (CV?lk-")/(0 sin7*)r(AO (8a)
or, in terms of the parameters of primary interest

q ~ (m/CVL)"(/3 smT*)"-1 (8b)

where only the exponent of the density, N, appears. When
the body's final velocity is not small

q ~ (m/CDA}N(p siiry^-^rC/V) - T(N,k)] (8c)

For the limiting case of a nearly constant velocity entry t
(V = VE)) it can easily be shown that for an exponential
atmosphere

dt = -dy/VE sin-YE = dp/p$VE $inyE (9)

Substituting Eqs. (4) and (9) into Eq. (5) and integrating
yields

or
q = CVM

E~l/N$ sin?*

q

(lOa)

(lOb)

The altitude and velocity of maximum heating can also
readily be found by substituting Eq. (3) into (4), setting the
derivative of Eq. (4), with respect to p equal to zero and solv-
ing, to yield

p = 2N/M B
and

(lla)

(lib)

The following conclusions are noted.
1) The total heat input is substantially reduced by de-

creasing m/CoA, except in the limiting case of bodies which
do not decelerate significantly during entry, when heating
becomes independent of m/CnA.

2) For a point on the body experiencing only laminar flow,
such as the stagnation point, the total heating decreases
significantly with increasing entry angle. (However, in-
creasing the entry angle also increases the Re, since Re ~
(m/Cr>A)(& smyE) so that keeping yE and, therefore Re,
small enough to preserve laminar flow, generally results in
considerably less heat input, for bodies with VF ̂  VJB, than
using steep entry angles if turbulent boundary-layer flow
occurs at high speed.)3 For laminar flow, the maximum
heating rate occurs at V/VE = 0.85.

3) For areas on a body experiencing predominantly turbu-
lent flow during entry, the total heat input still decreases
with increasing entry angle, but much more slowly than for
laminar flow. If transition to turbulence occurs early in

t Because constant values of N and M were used during the
integration leading to Eq. (7), only continuum flow heating
processes have been considered. This is approximately valid
for B < 103/sin7# and in general excludes only very small bodies,
roughly of centimeter size or less.

t For instance, for a steep (siri7^ = 1) Earth atmospheric
entry such that VF = 0.9F.E, a spherical iron body of 4m radius,
or 5° half-angle cone 2.5m long, having a specific gravity of one,
is required.

the entry (roughly true if B < 20), then peak heating occurs
at about V/VE = 0.80. However, for larger values of B,
transition and, consequently, peak turbulent heating will
occur nearer the speed for maximum Reynolds number
which is V/VE = 0.37 or considerably later during the entry.

4) For bodies experiencing predominantly radiative heat-
ing, it appears that shallow entries always reduce the total
heat input. Although the value of N can vary considerably
with flight conditions, atmospheric composition, etc., it is
probably always greater than one, for cases of practical
interest. Peak radiative heating in air occurs roughly at
V/VE = 0.89
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Optimization of Search for an Object
Drifting in Outer Space

OLAVI BERTEL HELLMAN*
University of California, Berkeley, Calif.

ASPACECRAFT that becomes unable to use its own
power in outer space starts drifting and becomes a sub-

ject of search. We shall assume that the search for the drift-
ing object is carried out by using equipment with limited
range of detection. If the location and the velocity of the
object at the moment when the drifting starts were known to
the searchers, the future track of the object would be calcu-
lated accurately and the object would be located by using this
information. In the present paper we shall consider the
problem involved in optimizing the search for a drifting object
whose location and speed at the moment when the drifting
starts are known only approximately. Furthermore, we shall
assume that the search may be expressed in terms of the so-
called search density. An expression for the optimal search
density will be derived.

Basic Equations

We shall assume that the location x(0) and the velocity v(0)
of an object in outer space, at time 0, possess the probability
densities #[x(0)] and Mv(0)L respectively, and that x(0, the
location of the object at time t, satisfies a differential equation

* = *(*,*) (1)
where the dot denotes the time derivative, which is solvable
in a closed form or numerically. One now wishes to organize
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