
892 J. SPACECRAFT VOL. 8, NO. 8

0 BURNOUT
APOGEE

® IMPACT
— POSITION ERROR
-- PERCENTAGE ERROR

60 120 180 240 300
TIME OF FLIGHT, seconds

360

Fig. 3 Accuracy of the trajectory model.

altitude h* and time fa are assumed constant with respect to
QE and are taken from the original trajectory simulations.
Thus g = 2(H - hb)/(T - fa).2 Finally, burnout range,
which cannot be assumed constant with respect to QE, is
found from a simple linear approximation. If r^i is the range
given by the trajectory simulation for QEi, the burnout
range for any other QE is found from rb = rbi (90° — QE)/
(90° - QEi). The coefficients of Eqs. (4-6) may then be
evaluated as yQ = xa — 0.50772, vx = gT, vz = (za — rb)/
(T — fa), and ZQ = rb — vzfa.

Equations (4-6) allow explicit determination of payload
position in space at any time, for any given launch QE, AZ,
and time. Although of simple form, they accurately repre-
sent the trajectory because of their faithfulness to the actual
physical situation. The equations yield a trajectory sym-
metric about the radius vector to apogee, a trajectory that
goes through the predicted apogee point at the predicted
time, and one that goes through the burnout point at the
proper time.

Figure 3 indicates the accuracy of the trajectory model.
Two complete trajectory simulations were run for QEs of
80° and 84°, at an azimuth of 140°, for the Nike Iroquois
rocket from one particular launch site. The data from these
two simulations were used to evaluate the constants of Eqs.
(1-3). Then, using the trajectory model described here,
position vs time was calculated for a QE of 76° at an AZ of
180°. A third complete trajectory simulation was then run
for the same QE and AZ, and position data was compared.
The position error plotted in Fig. 3 was calculated as the
magnitude of the vector difference between the instantaneous
position vectors as gained from the trajectory model and the
trajectory simulation. Thus, the position error plotted is
the total error and not merely a component of the error.

To calculate position in the trajectory model, azimuth of
the trajectory plane XZ was assumed to be AZ = 180° +.
AAZ; where &AZ was the change in azimuth of the rocket
between launch and apogee as revealed by the trajectory
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simulation for QEi. This correction is sufficient so long as
a central value of azimuth is used in the trajectory simulation.

Application To Eclipse
Conventional Besselian Elements,3 with numerical values

taken from Ref. 4, were used to specify the eclipse conditions.
Details of computations and coordinate systems are given
elsewhere,5 but Fig. 4 is presented as an example of the ap-
plication of the method to one eclipse payload. Examination
of a very large number of trajectories yielded the family of
curves shown in less than a minute of computer execution
time. In comparison, generating the same curves with
repetitive trajectory simulations would have required hours.
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Nomenclature
Ap,Ap = free and projected area of slotted flares, mm2

CD,CL = drag and lift coefficients
D = diameter of the cylinder, mm
Hs ~ spoiler height, mm
I, lc = lengths of spike and body cylinder, mm
Is = distance of the spoiler from the nose, mm
/sep = length of the separated boundary layer, mm
MOO = freestream Mach number
pt = stagnation pressure, atm
ReD,ReX9ep = Reynolds number based on D and a:sep, respec-

tively
Tt = stagnation temperature, °K
Xf,xsep = distances between nose and junction of flare, and

between nose and separation point, mm
&,df = spike deflection and flare angles, deg
5 = measure of tangential extension of the spoiler, deg
#seP>#sh = separation angle and induced shock angle, deg

Introduction

THIS Note presents results of experimental investigations
on aerodynamic deceleration devices for bodies composed

of cylindrical main sections and various front sections, i.e.,

Fig. 4 Time spent in eclipse umbra (experiment time).
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Fig. 1 Concepts for deceleration due to spike retraction or
deflection.

hemispheres, cones, and ogives. The deceleration devices
were nose spikes, spoilers, and conical slotted or unslotted aft
flares. The tests were carried out in a .gun tunnel.1 The
test section had a diameter of 22 cm; the testing time was 30
msec. The freestream conditions were: Mm = 8.75, Tt =
980°K, and pt = 155 atm; ReD was 0.23 X 106 for all
investigations. The measurement techniques included
Schlieren observations, 3-component force measurements
using a fast-response balance,2 and surface pressure measure-
ments using strain-gage pressure transducers.3

Nose Spikes

Nose spikes have been investigated by many authors (e.g.,
Refs. 4-6). This Note summarizes results7-8 with respect to
aerodynamic deceleration, using the concepts illustrated in
Fig. 1. For normal flight conditions, the boundary layer
separates at the spike and reattaches at the nose of the body.
The aerodynamic effect is that of a conical nose. The drag
therefore decreases. If the spike is partially or fully re-
tracted, the drag of the vehicle increases. If the spike is de-
flected, the flowfield is altered as if a cone were asymmetri-
cally attached to the nose, and a lift force is generated.

Figure 2 shows results for nondeflected spikes for three nose
shapes. (The spike nose was hemispherical in all cases.)
For the three nose shapes the minimum CD'S are of the same
order of magnitude. In the sense of the cone analogy de-
scribed above, this means that the minimum cone angle is
nearly independent of nose shape.

For the conical-nosed model, CD passes through a maxi-
mum at l/D ̂  0.5. For the flat-nosed body unsteady flow
regimes were detected by Schlieren observations.4-6'8

Figure 3 shows CD vs spike deflection angle ft for the
spherical-nosed cylinder. Other nose shapes of the basic
model show a similar behavior. Short spikes generate
no noticeable drag increase if the spike is deflected. The lift
has a maximum at low ft's for longer spikes. For higher ft's a
large drag may be combined with a small lift. Thus, short
deflected spikes could be suitable for hypersonic guidance and
control,8 and long spikes for deceleration.
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Fig. 3 Drag coefficients for deflected spikes.

Spoilers

Several authors have investigated fixed spoilers in the
supersonic region.9"11 For hypersonic Mach numbers the
increases in drag and lift are not as great; an effective increase
in drag is obtained only if the spoiler is attached to the nose
regime of the basic model in such a way that the nose shock of
the basic model is essentially deformed (see Schlieren pic-
tures of Fig. 4). The measured drag coefficients vs tangential
spoiler extension (angle 6) are shown in the same figure. For
a very high spoiler (Hs — D/2) attached near the body nose a
significant drag increase is observed. For a smaller spoiler
height (PIS = D/3) the bow shock of the model is not strongly
deformed and there is no significant drag increase. The
same results were obtained for two other model types, with
spherical and conical noses.11 No effect on drag could be
measured if spoilers were attached to the body further down-
stream than ls/D > 4, even for very high spoilers (H8 = D/2).
The maximum tangential extension of a spoiler that was in-
vestigated was 8 = 180°. An empirical estimation shows no
agreement with the measured drag. The reason for this lack
of agreement may be seen in the three-dimensional character
of the separation region. Because of crossflows the extent of
the reversed flow region in front of the spoiler is decreased as
shown in the Schlieren pictures. The separation point moves
upstream and the reattachment point moves nearer to the
outer edge of the spoiler at the line of symmetry if the tan-
gential extension of the spoiler increases. The attempt to ob-
tain empirical relations between tangential spoiler extension
and separation angle by means of Schlieren observations was
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Fig. 2 Measured CD'S vs spike length/body diameter;
Mm = 8.75, ReD = 0.23 X 106.
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Fig. 4 Results for spoilers of different circumferential
extension.
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Fig. 5 Separation angle and shock angle vs distance to the
separation point.

not successful because of the unsteady behavior of the sepa-
rated boundary layer.

Flares

For small aft flare angles, the boundary layer remains at-
tached, inducing a conical shock, but for higher flare angles
(Of > 15°) boundary-layer separation occurs. For even
higher flare angles the separated boundary-layer reattaches at
the outer edge of the flare.12'13 Figure 5 shows separation
angles $sep and induced shock angles $sh on an ogive nosed
cylinder obtained from Schlieren pictures. These angles are
correlated by the nondimensional distance to the separation
point, xsep//).

High-speed motion pictures show that the separation region
becomes increasingly unsteady for 6f > 22.5°. For 0/ <
22.5°, a good correlation of measured separation and shock
angles, and hence the plateau pressure in the separated region,
may be obtained by a tangent cone analysis for calculating
$sh. The increase in drag may be estimated under the follow-
ing assumptions13: 1) the separated region is axisymmetric ;
2) the pressure in the separated region is constant; 3) the
cone pressure may be calculated by the Newtonian approxima-
tion from local flow values at xsep; and 4) the local flow con-
ditions are calculated from body nose shape and local surface
pressure measurements on a model with no separation. Fig-
ure 6 shows the drag obtained by an empirical method com-
pared with the measurements for conical flared models with
spherical and ogive noses. The agreement seems to be satis-
factory even for larger flare angles where the separated
boundary layer showed an unsteady behavior. Both con-
figurations show a maximum for 0/~ 45° when, in each case,
total model length remains constant and the base diameter of
the flares is twice the diameter of the cylindrical model. For
comparison, Fig. 6 shows the results of similar calculations for
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Fig. 7 Drag coefficient vs forebody length for ogive-nosed
cylinders with flares.

the case with no boundary-layer separation. In the first ex-
ample the pressure coefficient is based on freestream condi-
tions and in the second on local flow conditions at the point
where the flare is fitted to the main body. This comparison
shows the important influence of boundary-layer separation
on the deceleration effectiveness of a flared body.

Figure 7 shows that there is no measurable influence of
forebody length on drag if the flare angle is 0/ = 7.5°, because
no boundary-layer separation occurs. For Bf > 15°, the
drag decreases with increasing forebody length. For 6f >
22.5°, all measured points are fitted by one curve, i.e., for
fixed values of lc and flare base diameter, drag is independent
of Of and remains constant. This may be explained by the
behavior of the separated boundary layer as follows: the
parameter lsep/(xf — xsep) shows for 6f — 15° a strong de-
pendence on the local Reynolds number (Fig. 7, sketch at
upper right). Higher flare angles show a weaker dependence.

The deceleration effectiveness of conical flares is reduced
because of boundary-layer separation. Also, boundary-layer
separation may be prevented or at least significantly reduced
by suction or by cross flows which may be established by
slotting the flares.14 The slotted flares consist of six elements
with a lateral extension h. Their length is given by the base
diameter, which again is 2D. As before (Fig. 6), the total
model length is constant. Figure 8 shows CD vs the so-called
"free area ratio" AF/AP of the slotted flare for ogive-nosed
models with different flare angles. For all angles the drag
may be increased by slotting the flares. For increasing flare
angles the drag maximum is shifted toward higher "free area
ratios" Ap/Ap. The deceleration efficiency of slotted flares
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Fig. 6 Drag coefficients of cylindrical bodies with conical
flares vs flare angle.
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Fig. 8 Drag coefficient of ogive-nosed cylinders with
slotted flares.
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may be defined from the ratio of the measured increase in
drag for a slotted flare to the calculated increase in drag for
an unslotted non-separating flare

Conclusions

Conical slotted or unslotted flares create drag without lift.
Models with fixed spoilers show a strong coupling between lift
and drag. Cylindrical bodies with spikes permit a wide
variation of drag and independent variation or adjustment of
lift forces if changes in spike length and spike deflection angles
are considered.
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SPACE General Company, a Division of Aerojet-General
Corporation, conducted a study for NASA in 1968 to

apply advanced propulsion techniques to small rocket ve-
hicles for low-cost, high-reliability soundings in the near-
Earth region 50 km-140 km (D region for physics and synoptic
meterological applications). Existing propulsion units ca-
pable of operation in this region were deemed to be too large,
too expensive or unreliable. Emphasis was placed on the
investigation of new propulsion techniques, including self-
pressurizing and monopropellant liquids, and long-burning
solids.

Ground rules selected for this study on the basis of mission
analysis were as follows: a) single stage, dual-thrust pro-
pulsion; b) complete vehicle weight, in meteorological con-
figuration, not to exceed 200 Ib; c) gross payload weight of
20 Ib with a net useful 10 Ib for the meteorological configura-
tion; d) fineness ratio (length/diameter propulsion unit) on
the order of 15-20; and e) acceleration level not over 25 g's.

In addition, optimization studies conducted at that time
indicated performance, stability and dispersion requirements
were optimized with a vehicle of approximately 1 sec boost
at 4000 Ib thrust followed by 20-30 sec of sustain thrust at a
lower level.

The motor design parameters given in Table 1 were es-
tablished after an extensive survey of using agencies. Al-
though they did not meet every requirement of all agencies,
they provided substantial improvements over existing
systems.

Previous studies have indicated that to acheive a 140-km
altitude would require either a boosted-Dart type of vehicle
or a two-stage vehicle. Either staging concept reduces the
inherent reliability of the system and potentially adds cost
by the addition of a second stage, either inert or propulsive.

Table 1 Astrobee D design features

Boost/sustain thrust level ratio
Maximum diam. , in.
Max. length, in.
Motor wt, Ib
Propellant wt, Ib
Inert wt, Ib
Duration, sec
Total impulse (vac 70 °F) Ib-sec
Temperature limits, °F

110
181
133
45
15 minimum
33,000 minimum
-40 to +135 -65

(goal)
Max. spin rate, rps 10
Lift-off accel. (motor +20 Ib) gr's 15 minimum
Max. acceleration (motor + 20 Ib) g's 20 maximum
Minimum wall thickness 0. 046
Performance with 10 Ib of structure 10 to 450,000 minimum

(include fins, ogive, shroud) ft
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