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Supersonic Aerodynamics of Spinning Tubular Bodies

E. Politis* and R. J. Kindf}
Carleton University, Ottawa, Canada

Two distinct flow regimes are possible for spinning tubular projectiles (STUP’s) moving at supersonic speeds:
a low-drag “‘started’’ regime and a high-drag regime in which the flow inside the STUP is choked. This makes
STUP’s attractive for use in gunnery practice. Relatively simple, computationally fast methods have been syn-
thesized for predicting the aerodynamic characteristics of STUP’s. The flow is considered to consist of a number
of subfields, namely, external and internal inviscid, leading edge, base, and boundary layers. For each of these,
analysis methods are outlined for both the started and choked flow regimes. Theoretical methods from the
literature are used with appropriate empirical modifications where necessary. Where comparison with ex-
perimental data for STUP’s is possible, agreement is generally good. Observed STUP trajectories agree well with
those calculated using predicted aerodynamic characteristics.

1. Introduction

WO quite different flow regimes can occur for a tubular

projectile in supersonic flight. At relatively low super-
sonic Mach numbers, the flow inside the tube (the internal
flow) is choked, and a detached bow shock occurs upstream
of the projectile, as sketched in Fig. la. At relatively high
Mach numbers the internal flow is ‘‘started,’’ and an attached
shock- and expansion-wave system prevails as sketched in
Fig. 1b. In choked flow, much of the shock system is nor-
mal, or nearly normal, to the freestream direction, and large
entropy and static-pressure increases thus occur. Conse-
quently, the drag force is relatively high in choked flow as
compared to started flow.

Because of these phenomena, tubular projectiles are at-
tractive for use as practice rounds for tank gunnery. The
projectile normally leaves the tank-gun’s muzzle at about
Mach 4.5 and the started flow regime prevails; the projectile
gradually decelerates and, at some point along its trajectory,
the flow switches to the choked regime. By suitable design
the switch to choked flow can be made to occur shortly
beyond the gun-to-target distance, which is normally much
less than the total trajectory length for tank-gun projectiles.
Thus, the trajectory of the tubular practice round can be
tailored to match that of the actual round over the gun-to-
target distance, while the remainder of the trajectory is
substantially shortened due to the switch to the high-drag
choked flow regime. This offers the potential for large
reductions in land area devoted to gunnery ranges, an impor-
tant consideration, particularly in Europe.

Tubular projectiles are also potentially attractive as am-
munition for low-level strafing runs since they are less likely
to ricochet into the path of the aircraft.

The projectiles are ‘normally spin-stabilized; hence the
term spinning tubular projectiles (STUP’s). Canada’s De-
partment of National Defence and Canadian Arsenals Ltd.
have been developing STUP’s for some years.

For design purposes, methods were required for predicting
aerodynamic coefficients of STUP’s as functions of Mach
number, angle of attack, and STUP geometry. This paper
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outlines the methods synthesized for these purposes. The
aerodynamic coefficients include axial and normal force,
pitching moment, Magnus force and moment, and roll and
pitch damping. Mach number and angle of attack ranges are
1.5=M_=<5 and —10 deg <a=x 10 deg, respectively. The
STUP geometry is assumed to be as shown in Fig. 2. Three
leading-edge configurations are considered; namely, sharp,
rounded, and blunt wedge, designated types A, B, and C,
respectively (see Fig. 2). Geometric parameters are assumed
to have values within the ranges listed in Fig. 2.

A comprehensive set of wind-tunnel data was available for
three STUP configurations, designated A, B, and C in
accordance with their leading-edge types.!»? Table 1 lists the
configuration parameters of these three STUP’s. These data
comprised detailed pressure surveys over the external and in-
ternal surfaces of a sting-mounted STUP for Mach numbers
and angle of attack up to 4.0 and 10 deg, respectively. The
wind-tunnel model was not spinning but Reynolds numbers
were representative of flight conditions.

To formulate prediction methods, the overall flowfield
was considered to consist of a number of subfields and
regimes, and these were modeled using relatively simple
theoretical methods available in the existing literature. In
some cases, the theoretical models were adjusted to bring
them into agreement with the available experimental data.
Wherever possible, the prediction methods were validated
against the experimental data. The resulting computer code
enables rapid and inexpensive prediction of the aerodynamic
coefficients required for trajectory analysis for STUP’s.
Computational fluid dynamics (CFD) techniques are suffi-
ciently advanced that finite-difference solution of the Euler
or Navier-Stokes equations could be contemplated for STUP
configurations. However, computer codes based on this ap-
proach would not have been sufficiently rapid or cost-
effective for extensive use in preliminary design studies.

II. Aerodynamic Prediction Methods

A. Overview

The overall force and moment coefficients for any par-
ticular STUP configuration are considered as the sum of
contributions from the following flowfields: leading edge,
external inviscid, internal inviscid, base, and viscous bound-
ary layers. Each of these flowfields must be analyzed for
both started and choked flow. In addition, the starting and
choking Mach numbers must be predicted for any given
STUP configuration. The methods adopted for these pur-
poses are outlined in the following subsections. Comparisons
with experiment are also shown. Additional details are given
in Ref. 2.



MAY-JUNE 1987

(B) STARTED FLOW

Fig. 1 Choked and started flow regimes.
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Fig. 2 STUP configurations.

B. Starting and Choking

The starting of a STUP is identical to the well-known
problem of the starting of a fixed-geometry supersonic
engine inlet.’ The minimum Mach number at which a STUP
will start is that at which the throat can just pass the entire
mass flow in the steam tube bounded by the inlet circle
(diameter d;) with a plane normal shock at the leading edge.
The bow shock is then ‘‘swallowed,” giving the started flow
regime of Fig. 1b. Normal-shock and one-dimensional isen-
tropic flow theory are used to relate the minimum starting
Mach number to the area ratio (d,/d;)>. If the muzzle-exit
Mach number exceeds the minimum starting value, the bow
shock is swallowed suddenly. The internal flow is then
similar to that in a shock tube just after rupture of the
diaphragm, and it can be argued that there cannot be any
significant boundary layer at the shock to affect the swallow-
ing process. Boundary-layer displacement effects are
therefore neglected. Unfortunately, no suitable experimental
results are available for comparison with the analysis.

One-dimensional isentropic flow theory is also used to
determine the freestream Mach number at which the flow
will switch to the choked regime. The freestream Mach
number M, is assumed to prevail over the inlet plane; the
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Fig. 3 Comparison of predicted and experimental shock-expulsion
Mach numbers.

. Mach number at the throat, M,, is a function of M_, and of

the area ratio (d,/d;)?, as established by the one-dimensional
theory. As M, decreases, M, approaches unity and choking
occurs. The throat is no longer able to pass all the mass flow
‘‘captured’’ by the inlet, the shock system is expelled, and
the choked flow regime of Fig. 1a is established. In this case,
a boundary-layer displacement correction is appropriate. A
simple, two-dimensional, turbulent boundary-layer correla-
tion* is used to determine an effective throat area for use in
the theory. The method gives shock-expulsion Mach num-
bers that agree well with experimental value deduced from
Figs. 19-24 of Ref. 5 for a variety of STUP’s (see Fig. 3).

C. External Inviscid Flow

A linear theory for the external and internal supersonic flow
past a tube of nearly constant radius at small incidence has
been developed by Lighthill® and Ward.”® The theory is based
on the linearized potential equation for supersonic flow and
assumes that the leading edge of the tube is sharp so that the
bow waves are attached and the external and internal flows are
independent. It yields simple expressions for the drag, lift, and
moment coefficients, involving only the angle of attack, slope
of the meridional section at any point, and certain auxiliary
functions W and V. The latter are the same for all tube shapes
and are functions only of the nondimensional parameter
z=x/Bry; x,8 and r,, are, respectively, the axial coordinate,

M_?—1, and an appropriate mean radius. W and V are
made up of modified Bessel functions and represent the solu-
tion of the linearized potential equation for the pressure per-
turbations due to tube cross-section shape and incidence,
respectively. Appropriate integration of W gives the axial
force; integrations of V give the normal force and pitching
moment. The functions are tabulated in Refs. 7 and 9 and, in
the present work, were curve-fitted with high-order poly-
nomials in z. This greatly facilitates the necessary integrations
over tube length.

This theory was used for determining the contribution of
the external inviscid flow to the coefficients of axial and nor-

Table 1 Configuration parameters of tested STUP’s

Designation L, mm D, mm d,mm d,mm O, deg ©O,deg r, mm B, deg B, deg
A 262.5 105 95.76 80.14 3 3 — 3 3
B 237.1 105 95.76 80.14 3 3 1.4 — -
C 315.0 105 88.39 80.14 3 3 — 34 3
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mal force, pitching moment and pitch damping on STUP’s
with both sharp and blunt leading edges and for both started
and choked flow. For started flow, no modifications to the
theory were necessary although, in the case of blunt leading
edges, additional contributions to the aerodynamic coeffi-
cients were introduced using a leading-edge flow model
(outlined in Subsec. IIE). The origin for x is placed at the
start of the mildly sloped (slope 6,) conical portion of the
forebody. With choked flow, the external and internal flows
are not independent, and use of Ward’s theory is not strictly
valid. However, it was considered that the spillage of flow
around the inlet lip would not dramatically alter the external
flow pattern and forces on the STUP. Consequently, the
theory, with some empirical modifications, was also used for
choked flow.

For the external flow analysis, the mean radius 7,,, which
appears in the parameter z, is set equal to an x-weighted
mean radius of the external (see Fig. 2) contour of the
STUP. The mean is for the entire external contour except in
the case of axial force, when it is for the conical forebody
only. For configurations of the type shown in Fig. 2, only
the conical forebody (slope 6,) contributes to the wave drag;
the axial force is taken as the wave drag at zero angle of at-
tack. The normal force and pitching moment are indepen-
dent of the tube shape and are proportional to angle of at-
tack for this theory. )

The pitch damping is obtained on the basis of the assump-
tion that the flow in any given cross-flow plane is indepen-
dent of that in adjacent planes and that the pitch rate ¢ pro-
duces an effective incidence (gx'/V,) where x! is the
distance from the center of gravity. The pitch-damping coef-
ficient can then be expressed in terms of an integral of
(8L (z)/9z), where L(z) is an integral of the auxiliary func-
tion V and is itself a function of z only. L(z) represents the
lift or normal force distribution along the body.

For choked flow, the calculation of external axial force
contribution is not modified. There is no theoretical
justification for this, but this contribution is only about 2%
of the total axial force for the choked flow regime, so great
accuracy is not essential.

For choked flow, the theoretical function L (z) is replaced
by a modified function, L(z),, which is curve-fit to the ex-
perimental data for external lift contribution vs z for choked
flow conditions. The contributions to normal force, pitching
moment, and pitch damping are calculated in the usual way,
using this L(z),. r,, is set to 0.5 D. L(z), is reliable only up
to z<4, since there are no experimental data for higher z.

Figure 4 shows some comparisons between calculated and
experimental results for the external inviscid flow for three
STUP configurations. The steps in the calculated curves cor-
respond to the shock-expulsion Mach number. The agree-
ment is reasonably good except for C, at low Mach numbers
and, as already mentioned, this is unimportant because this
contribution to C, is then only about 2% of the total.

D. Internal Inviscid Flow

The internal flow is considered to comprise all the flow in-
side the STUP. The internal inviscid flow is analyzed quite
differently for started and choked flow. In the case of blunt
leading edges, the force and moment contributions are sup-
plemented by contributions from a leading-edge flow model.

The internal flow does not contribute significantly to pitch
damping. This is because the mass of fluid inside the STUP
at any instant is relatively small and the angular momentum
changes it incurs solely as a result of pitch rate are negligible.

Started Flow

Except for Ward’s”? linear theory, which applies only for
z<2 in internal flow, no complete theoretical solution has
been found to the complex problem of supersonic flow inside
a cylindrical tube. A periodic ‘‘diamond”’ wave pattern, with
nondimensional cell length Az=2, tends to occur near the
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tube inlet, but the wave interactions are not regular (Mach
disks occur), and Ferri!® has shown that the flow may
become subsonic at the tube centerline. The periodicity of
the flow is attenuated with increasing z and, for z>S5,
slender body theory can be used.!! Thus, theoretical solu-
tions are available for z<2 and for z>5, while empirical
correlations must be used in between.

The approach used for started internal flow was entirely
similar to that used for the external flow, Subsec. IIC; that
is, the auxiliary functions were fitted by polynomials in z,
and the necessary integrations were performed to obtain the
force and moment contributions.

Only the conical forebody (slope ;) contributes to the ax-
ial force and, in practice, z is less than 2 for this portion of
STUP’s. Therefore, the theoretical auxiliary functions for
the internal flow, tabulated in Ref. 7, were curve-fitted for
this purpose. For these calculations, the mean radius 7, in
the parameter z was that of the internal conical forebody.

As for the external flow, a function L(z) is required for
the normal-force and pitching-moment contributions. For
this purpose, a curve-fit to a combination of theoretical and
experimental results was used; namely, linear theory results
(tabulated in Ref. 9) for z<2, experimental data of Roe®
and Cook!2 for 2<z<5, and slender body theory for
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Fig. 4 Comparison between predicted and experimental axial
pressure force and pitching moment results for external flow.
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z>5; r, was set to d,/2 for this function, since this gave the
best correlation of the experimental results.

Choked Flow

For the choked regime, the internal flow is well repre-
sented by assuming that the fluid has passed through a nor-
mal shock and then using one-dimensional isentropic flow
theory, with M =1 at the throat. Figure 5 shows typical com-
parisons between calculated and experimental pressure
distributions. Note that there is negligible circumferential
variation of static pressure within the STUP, implying that
the internal flow is in the axial direction, except presumably
near the inlet plane.

Axial and normal force can thus be determined by apply-
ing the momentum theorem to a control volume that
encloses the entire internal flow. No integrations are
necessary with this approach. It is assumed that the flow is
in the freestream direction where it enters this control
volume (at the inlet plane). The data of Fig. S imply that the
turning to the axial direction takes place quite near the inlet
plane, so the normal force can be assumed to act here. The
pitching moment is calculated on the basis of this
assumption.

Comparisons with Experiment

Figure 6 compares calculated and experimental contribu-
tions of the internal flow to the pitching moment derivative
for both started and choked flow. The agreement for axial
and normal force contributions is at least as good.

E. Leading-Edge Flow

In the case of blunt leading edges, a leading-edge flow
model is required to supplement the external and internal
flow models. The leading-edge region is considered to com-
prise the rounded or blunt wedge portion of the STUP sec-
tion; that is, the portion upstream of the conical forebody of
slope 8, or §;. To be useful for present purposes, the leading-
edge flow model must be relatively simple and computa-
tionally fast. The approximate method of Moeckel’® was
chosen. The ratio of leading-edge thickness to STUP diam-
eter is sufficiently small that the flow can be assumed to be
locally two-dimensional at any circumferential position ¢.
Only drag forces are considered; any lift developed at
nonzero angle of attack is considered to be included in the
external and internal flow models.

Started Flow
Moeckel’s method will be outlined with reference to Fig.

7. The detached shock is assumed to be a hyperbola that is

asymptotic to the freestream Mach lines. It has been shown
that the sonic point sb on a rounded body is approximately
the point at which the body contour is inclined at the max-

Moo
Fig. 6 Comparison between predicted and experimental results for
pitching moment contributions of internal flow.
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Fig. 7 Representation of flow over blunt Jeading edge and notation
used in the analysis (after Moeckel'?).

imum flow turning angle for an oblique shock at the par-
ticular freestream Mach number M, . The sonic point s on
the shock is located where the shock angle and M, are such
that the oblique shock solution gives a downstream Mach
number of unity. The sonic line is assumed to be a straight
line joining points s and sh. Average properties of the fluid
crossing the sonic line are assumed to be those prevailing on
the centroid streamline (y=y,/2 upstream of shock), with
velocity normal to the sonic line. Continuity can then be
used to determine the ratio 4,/4,, and thus the length of the
sonic line. The sonic line is assumed to be inclined at angle »
given by 0.5 (8, + dnay), Where 6, and 8, are the flow turn-
ing angles at points s and sb, respectively. Knowing s, A,
and % establishes the position of the shock relative to the
body.

The flow model of the preceding paragraph allows the
form drag upstream of the sonic point sb to be calculated by
application of the momentum theorem to the control volume
O-b-sb-s-y, in Fig. 7. The form drag on the remainder of the
leading edge, sb to ¢ in Fig. 7, is obtained by assuming a
Prandtl-Meyer expansion along this portion of the body con-
tour. For simplicity, the average pressure is assumed to be
the pressure at the midpoint of the arc sb to . On the basis
of experimental evidence,'* the pressure ratio P, /P, at the
sonic point is assumed to be that of an iscntropic expansion
to M=1 from conditions downstream of a normal shock
at M.

The above description has assumed a rounded leading edge
(type B). For a blunt wedge leading edge (type C), the



216 E. POLITIS AND R.J. KIND

analysis is very similar, provided the flow turning angle é im-
posed by the wedge exceeds 6,,,,, the maximum possible for
an oblique shock at M,,. The body sonic point sb is then at
the joint between the blunt wedge of slope 8, or 8; and the
conical forebody of slope 6, or ;. The external or internal
inviscid flow model is applied immediately downstream of
point sb. If ¢ is less than 8,,,,, the bow shock is attached and
oblique shock theory can be used instead of Moeckel’s model
to determine the pressure, and thus the form drag, on the
leading edge.

Point b in Fig. 7 is assumed to be the most upstream point
on the STUP section, and the foregoing analysis is applied
separately outside and inside this point. When the angle of
attack of the STUP is nonzero, conditions vary circumferen-
tially around the inlet. The analysis is then applied to cir-
cumferential segments of arc length A¢ = 10 deg. In each seg-
ment, the normal component of Mach number, M, =M,
cosa/cosagr, is used instead of M, and an effective angle of
attack, . =a coso, is used. The x axis of Fig. 7 is aligned
with the a,q = 0 direction; in general, therefore, this axis is not
parallel to the centerline of the STUP, and this fact is
recognized when flow turning angles imposed by the body
contour are computed. The drag forces for all segments A¢ are
summed and resolved into contributions to axial and normal
force and pitching moment on the STUP.

Choked Flow

Moeckel!? also extended his model to enable prediction of
the additive drag due to spillage for supersonic inlets. Figure
8 shows the flow model. The spillage drag is defined as the
integral of axial pressure force along the dividing streamline
from Q to sb.

The present internal model for choked flow (see Subsec.
1ID) already includes this spillage drag, since the plane 7R
of Fig. 8 serves as the upstream face of the control volume
used in that analysis. Thus, the overpressure and flow
deceleration associated with spillage are included in the
momentum balance used to determine the internal drag force
contribution in choked flow cases. Moeckel’s model is
therefore used only to evaluate the pressure drag on the por-
tion R-sb of the leading edge. For this purpose, the momen-
tum equation in applied to control volume O-T-R-sb-s-Y,-O
in Fig. 8.

F. Base Flow

Of course, the base pressure makes a significant contribu-
tion to the axial force on a STUP. Unfortunately, estab-
lished base-pressure correlations are only available for two-
dimensional or nontubular axisymmetric configurations.
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Fig. 8 Representation of flow past supersonic inlet with spillage.
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Provided that the ratio (d,/D) is reasonably close to unity,
the flow in the base region of a STUP at small angle of at-
tack should be locally two-dimensional. However, the flow is
unusual in that the bounding flows (internal and external
flows) are not the same. The difference is especially marked
in the choked flow regime.

For started flow cases, a correlation similar to Love’s!s
was formulated, using Love’s two-dimensional data together
with data from the STUP wind-tunnel tests.!'> The correla-
tion is a polynominal in M, which gives the base-pressure
coefficient, shown in Fig. 9. Despite the use of experimental
data for STUP’s in formulating the correlation, it cannot be
considered completely reliable because sting interference ef-
fects may have been important in the wind-tunnel tests. The
model was supported by four struts (continuations of the
STUP section), which covered about one-third the base area
and divided the base flow into four cells.

In the case of choked flow, the internal flow at the base is
exactly sonic. Fuller and Reid!¢ investigated a flow similar to
the one existing at the base of a choked STUP. They found
that the ratio of internal stagnation pressure to freestream
static pressure has a strong influence on the base pressure,
since it controls the relative turnings of the two flows as they
expand around the shoulders at the base. In the case of
choked STUP’s, this pressure ratio is a function only of the
Mach number M. A polynomial giving the base-pressure
coefficient as a function of M, was fitted to the test data for
choked STUP’s; this correlation is shown in Fig. 10.

For both started and choked STUP’s, the experimental
base pressures showed little dependence on angle of attack
(=10 deg).

G. Viscous Boundary Layers

Typical Reynolds numbers for STUP’s are such that tran-
sition occurs relatively close to the leading edge. Therefore,
it is reasonable to assume turbulent flow over the entire
length of the STUP.

Skin-Friction Drag

Hoerner!” gives a formula that approximates the
Schoenherr'® skin-friction correlation for flat plates; he also
gives a Mach number correction for adiabatic-wall condi-
tions. The wetted area of STUP’s is used with these relations
to estimate the skin-friction drag. The Reynolds and Mach
numbers are based on freestream conditions for the external
flow and for started internal flow. For choked internal flow,
the numbers are based on throat flow properties.

Roll Damping

Since STUP’s are spin-stabilized, estimates of spin decay
rate are required. For small angles of attack (a=<10 deg),
cross-flow effects on roll-damping torque are expected to be
negligible; therefore, only the «=0 case needs to be
considered.
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Fig. 9 Base-pressure coefficient, started flow.
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Fig. 10 Base-pressure coefficient, choked flow.

A freestream particle follows a spiral path relative to the
surface of the STUP; the helix angle \ is given by arc tan
(D/2V ), where p is the roll or spin rate. Coriolis forces in
the relative reference frame act normal to the STUP’s sur-
face. Assuming that axial and circumferential pressure gra-
dients are small, there cannot be any skewing of the relative
velocity profiles in the boundary layer. Consequently, the
boundary layer will be essentially the same as that on a flat
plate, with the effective distance from the leading edge being
equal to the distance along the spiral particle paths and the
resultant wall shear stress acting at angle A\ to the axial
direction.

For typical STUP applications, cosA= 1, and the resultant
wall shear stress is nearly equal to the axial shear stress com-
ponent, and sin\ is approximately equal to the nondimen-
sional roll rate. The roll-damping torque is then (D/2 sin)\)
times the axial friction force of the preceding subsection, and
the roll-damping coefficient is thus equal to 0.5 times the ax-
ial friction-force coefficient, a result also obtained by
Charters and Kent.!®

Magnus Effects

When STUP’s are at angle of attack, the cross flow is not
symmetric because of the effects of spin on the viscous flow
in the boundary layer. This gives rise to a side force (i.e.,
force normal to the plane of the angle of attack) and yawing
moment on the STUP.

Jacobson? and Platou?! have reviewed work on Magnus
effects. These are known to be highly variable functions of
the boundary layer, the nose and base shapes, and discon-
tinuities in streamline shape; moreover, angle of attack,
fineness ratio, spin rate, and Reynolds and Mach numbers
are important. While small compared to the normal force,
the Magnus force can significantly affect the flight trajectory
of a slender projectile.

The method of Vaughn and Reis??> was selected because it
gives simple closed-form solutions and is easily adapted for
open-nosed bodies such as STUP’s. Also, the method in-
cludes the effect of the radial pressure gradient in the bound-
ary layer, which is ignored by most other investigators, as
well as the effect of leeside vortices, which is accounted for
by an empirical relation obtained from wind-tunnel tests.
Vaughn and Reis?? showed good agreement with data??* for
unfinned bodies of revolution at supersonic Mach numbers.

In his discussion of the method of Ref. 22, Jacobson?
points out the sensitivity of Magnus effects to transition
location. In the present case, this presents no difficulties,
because unit Reynolds numbers of STUP’s are of order
5% 107/m and transition occurs within about 30 mm of the
leading edge. It is therefore adequate to assume fully tur-
bulent flow, at least for 105-mm-diam STUP’s.

Only the external flow over the STUP is assumed to give
rise to Magnus effects. This is based on the assumption that
the internal flow will always be essentially axial, on average,
so that there is no cross flow to give rise to asymmetries and
Magnus effects.
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Details of the method as applied to STUP’s are given in
Ref. 2.

III. Discussion

Simplicity was an essential requirement for the methods to
predict aerodynamic characteristics of STUP’s. The methods
that have been outlined meet this requirement although, of
course, this sometimes involves some compromise with
exactness.

Wherever possible, the prediction methods were validated
against experimental data, and agreement in such cases was
generally good. Several of the prediction methods, however,
(e.g., external flow for the choked regime and base flow)
made use of curve-fits to the only data available for
STUP’s,? and truly independent validation was not possi-
ble. Furthermore, no suitable data were available for
individual validation of some of the other flow models, in-
cluding the leading-edge and viscous flow analysis. Never-
theless, the methods appear to give good overall predictions
of STUP aerodynamics, because STUP trajectories cal-
culated using the aerodynamic prediction code, together
with a six-degree-of-freedom trajectory code, agree well with
observed trajectories.?* Experience?* indicates that the pres-
ent methodology is quite satisfactory for purposes of
preliminary design.

IV. Conclusions

The aerodynamic characteristics of STUP’s can be pre-
dicted using relatively simple methods.

It is expedient to break down the overall flow into a
number of subfields, namely, external inviscid, internal in-
viscid, leading-edge, base, and boundary layers. Separate
analysis methods were formulated for each of these, for both
the started and the choked flow regimes.

It was possible to base the analyses on existing methods,
but empirical modifications were required in several cases.

Where comparison with experimental data for STUP’s was
possible, agreement was generally good. Lack of suitable
data, however, prevents comprehensive validation of the
prediction methods.

Observed STUP trajectories agree well with those
calculated using aerodynamic characteristics predicted by the
present methods.
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The technology of remote sensing of Earth from orbiting spacecraft has advanced rapidly from the time two decades ago
when the first Earth satellites returned simple radio transmissions and simple photographic information to Earth receivers.
The advance has been largely the result of greatly improved detection sensitivity, signal discrimination, and response time of
the sensors, as well as the introduction of new and diverse sensors for different physical and chemical functions. But the
systems for such remote sensing have until now remained essentially unaltered: raw signals are radioed to ground receivers
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electronic apparatus and large main-frame computers. The recent emergence of efficient detector arrays, microprocessors,
integrated electronics, and specialized computer circuitry has sparked a revolution in sensor system technology, the so-called
smart sensor. By incorporating many or all of the processing functions within the sensor device itself, a smart sensor can,
with greater versatility, extract much more useful information from the received physical signals than a simple sensor, and it,
can handle a much larger volume of data. Smart sensor systems are expected to find application for remote data collection
not only in spacecraft but in terrestrial systems as well, in order to circumvent the cumbersome methods associated with
limited on-site sensing.
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