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In Fig. 1, the theoretical (———)sputtering rates S(E) are
plotted in dependence of energy E0<E< 100 eV for Hg ions,
and W and Mo targets. For comparison, the corresponding
experimental (- - -) sputtering ratios S(E) as measured by
Askerov and Sena7 are shown, which represent the most
reliable sputtering data presently available. It is seen that the
agreement between theory and experiment is very satisfactory
for energies E close to the threshold E0. In view of the ap-
proximations made, it is clear that the theoretical and ex-
perimental S(E) values must deviate more and more for in-
creasing E. A better agreement between theory and ex-
periment could possibly be achieved if the cross sections and
their energy dependence were known accurately.

The main purpose of the simplified analysis presented is to
demonstrate that the underlying idea of the phase space
dynamics leads to. sputtering ratios which agree ap-
proximately with the experimental observations. The theory
can be extended and improved by considering additional ef-
fects and interactions as will be shown in a later publication.
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Roughness Induced Transition Criteria
for Space Shuttle-Type Vehicles
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Nomenclature
b =semispan
MC,MP — local Mach number on cone and flat plate,

respectively
P = pressure
P' = longitudinal pressure gradient
r — blunt body nose radius
Rk — Reynolds number based on boundary-layer edge

conditions at roughness and roughness height
Rxk = Reynolds number based on boundary layer edge

conditions andxk
T = temperature
x = longitudinal surface distance from stagnation

point
xk = value of x at roughness location
y = spanwise distance from centerline of body
Subscripts
aw = adiabatic wall
eff = effective
t = total
w = wall
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VW7HILE criteria exist for determining the size of
T T three-dimensional surface roughness which will

promote boundary-layer transition on simple geometric
shapes,1"3 the criteria are ill-defined for configurations with
significant longitudinal and/or lateral pressure gradients
(cross flow). Design of the space shuttle requires this in-
formation for sizing trips for wind-tunnel tests and for deter-
mining the effect of roughness on vehicle performance. This
Note compares tripping effectiveness of roughness on a delta
wing shuttle orbiter model at 20° angle of attack to that on
plane and axisymmetrical bodies with and without
longitudinal pressure gradients.

Two prominent parameters used in correlations of
roughness induced transition are critical roughness Reynolds
number4 and effective roughness Reynolds number.2 Critical
roughness Reynolds number is a function of the flow con-
ditions between the roughness and the "natural" transition
location and probably of freestream noise. The experimental
data herein are compared on the basis of effective roughness
Reynolds number since this parameter is not sensitive to flow
conditions downstream of the roughness. It is also believed
that the effect of tunnel freestream noise on the parameter is
negligible since the roughness induced disturbance dominates
the transition process.5 The effective roughness size is the
smallest size roughness which causes transition to move very
close to the roughness element. A compilation of effective
roughness Reynolds numbers (transformed to adiabatic wall
conditions) for zero pressure gradient, two-dimensional and
axisymmetric flows is shown in Fig. 1 as a function of'Rx>k for
various Mach numbers (faired lines, not symbols). The data
were transformed to adiabatic wall conditions by using a ratio
form of an equation given by Van Driest2 which empirically
accounts for the effect of wall cooling on effective roughness
size

R k,eff,aw Tt Tt
(1)

A substantial increase in the effective roughness Reynolds
number above those in zero pressure gradient at the same
local flow conditions is obtained on blunt flat plates, cones,
and the centerline of the shuttle model (symbols, Fig. 1, Table
1).

This effect of pressure gradient is better shown in Fig. 2.
While the size parameter ratio is obviously a function of more
than just pressure gradient, the effective roughness Reynolds
number increases nearly an order of magnitude in the region
of high-pressure gradient. The data in Fig. 2b show the same
trend and allow comparison of data for which the magnitude
of the pressure gradient is not available (such as the present
orbiter data). The data of Fig. 2a and 2b should be considered
as indicating trends and not magnitude because of the
significant interpolation and extrapolation of the zero

Table 1 Key for Figs. 1 and 2

Key for figures 1 and 2

Symbol Configuration x/rX dx Ref.

a
<3
O
'Q

Boo
\/
LJ
T2)
A
A

Blunt flat plate 6.0
Blunt flat plate 6.0
Blunt flat plate 6.0
Blunt cone 10.16
Blunt cone 10.16
Blunt cone 10.16
Blunt cone 10.16
Blunt cone 10.16
Blunt cone 10.16
Blunt cone 8.0
Blunt cone 8.0
Delta-wing orbiter 6.0
Delta-wing orbiter 6.0

46.0 -2.37 x io.
15.4 -2.93x10!;
15.4 -4.22x10^
0.785 -3.33
1.12 -1.94
1.47 -0.903
0.785 ^9.72
1.12 -5.89
1.47 -1.89 ?

13.0 -1.24XKK
20.4 -*8.00x 10
9

18

11
11
11
9
9
9
9
9
9

10
10

Present study
Present study
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Mp = 8.5, Present study and ref. 12

= 6.0, Present study and ref. 12
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Fig. 2 Effect of longitudinal pressure gradient on Re^(blunt cones
and plates), a) effective size ratio as a function of pressure gradient;
b) effective size ratio as a function of distance from vehicle nose.

pressure gradient curves (Fig. 1) necessary to obtain values of
effective roughness Reynolds number. The data in Figs. 2a
and 2b are all for favorable pressure gradient since the only
adverse pressure gradient data available is in a gradient so
weak as to have no appreciable effect on effective roughness
size.

While the orbiter centerline data agree with the other blunt
body data (Fig. 2), effective roughness Reynolds numbers ob-
tained at off-centerline locations are more strongly effected
by the cross-flow pressure gradients. As shown in Fig. 3,
Rkt eff rapidly decreases near the shoulder of the model where
the cross flow becomes significant. The cross flow is
illustrated by the surface oil flow picture shown in the insert
of Fig. 3; the curvature of the oil streaks indicates a direct
relationship between the point of decreasing effective

•\ eff1

Fig. 3 Effect of spanwise roughness position on roughness ef-
fectiveness.

roughness size and the beginning of severe cross flow. This is
somewhat contradictory to the conclusions drawn from Fig.
2, that favorable pressure gradient increases Rk,eff (i.e., the
high cross flow in Fig. 3 is the result of a severe favorable
pressure gradient in the traverse plane). The cross flow itself
may be unstable and require a smaller disturbance to initiate
transition. Also, the cross flow reduces the local boundary-
layer thickness, making the flow more sensitive to roughness.
The use of calculated centerline boundary-layer edge con-
ditions to calculate the Reynolds numbers for the roughness
near the shoulder may be in error, but the conclusion remains
that much smaller roughness is required near the shoulder to
promote transition.

The right side of Fig. 3 shows the experimental extent of
turbulent heating downstream of one roughness element
(slightly smaller than effective) near the vehicle shoulder (y/b
= 0.75). The spread of turbulence results in nearly one-third
of the planform area being immersed in turbulent flow. On a
flight vehicle, this may cause a severe increase in the overall
surface heating, as well as flight stability problems since one
control flap may have laminar flow while the other has tur-
bulent flow.

This Note has shown that conventional criteria for sizing
roughness elements which promote transition in two-
dimensional zero pressure gradient flows are insufficient for
high-pressure gradient flows and three-dimensional flows. In
addition roughness much smaller than that given by con-
ventional criteria can cause transition and significantly in-
crease the heating load.
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Nomenclature
A = frontal cross sectional area of probe
CD = drag coefficient
g = gravitational constant
m = probe mass
q = heating rate
R = universal gas constant
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RN
t
T
V
y
p

= nose radius
= time
= temperature
= probe velocity
= distance above reference altitude
= gas density

Subscripts
conv = convective
E = entry condition
0 = pertains to a reference altitude
rad = radiative
oo = ambient flight condition

Introduction

TEMPERATURE profiles of Jupiter's atmosphere,
based on the data of the Pioneer 10 occultation ex-

periment,1'2 indicate that the atmosphere is much warmer
than was previously thought. These results by Kliore et al., are
not in agreement with Earth-based observations of the Jovian
atmopshere,3"5 nor with the results of the Pioneer 10 infrared
experiment of Munich.6 Nonetheless, the implications of
Kliore's preliminary results are of interest because of the
generally held belief that entry into a warmer atmosphere
would produce less aerodynamic heating of an entry probe.
And any lessening of the extreme heat levels that a Jupiter
probe is expected to encounter could permit a significant
reduction in heat shield weight and a corresponding increase
in science payload.

This paper examines the heating levels experienced by a
probe entering the "Kliore" model atmosphere and compares
the results with those of the Jupiter model atmospheres given
in Ref. 7, with the heating levels of Tauber8 and Tauber and
Wakefield.9 The computations made in this paper employ a
point-mass atmopsheric entry trajectory program, that is, the
Allen-Eggers analysis10 and simple correlations of heating.
First the atmospheres are identified and then the atmospheric
entry analysis is given along with the heating correlations. The
result of the heating calculations are compared and discussed.

Atmospheric Heating and Entry into
Mode! Atmospheres of Jupiter

The Kliore model atmosphere is compared with the model
atmospheres of Jupiter obtained from Ref. 7 in Fig. 1. Results
inferred from the other Pioneer 10 experiments and Earth-
based observations are also shown. It is seen that the Kliore
atmosphere is distinguished by a temperature bulge at about
200 K.

A simplified entry analysis with constant probe mass
probably would not significantly change the relative relations
among the heating values for the various model atmospheres.
The factors that influence the heating of the probe during
deceleration are the atmospheric composition and scale
height. The Kliore measurements give no direct measure of
the composition. He assumed a composition of 85%
hydrogen and 15% helium by number, and found the at-
mospheric model was insensitive to the assumed composition.
At any given altitude the scale height is determined by the
temperature at that altitude, and the density variation is given
by

RT y
The probe deceleration can be described by the expression

dV00/dt=-

(1)

(2)

Apart from the ballistic coefficient, m/CDA, it is seen that the
deceleration is influenced mainly by the time variation of the
density POO as the probe decelerates in the atmosphere. The


