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Aerodynamic Characteristics for Debris
from Space Shuttle External Tank
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This paper develops a methodology to determine effective values of the aerodynamic parameters required for
performing simplified three-degree-of-freedom debris impact analyses rather than utilizing more complex six-
degree-of-freedom analyses. For all of the debris types, six-degree-of-freedom mass property and aerodynamic
data are computed. Using the results of many six-degree-of-freedom trajectory simulations, standard deviation
range values are calculated. With three-degree-of-freedom trajectory matching, these range values are used to
determine the effective ballistic coefficient and the range of lift-to-drag ratios for each of the External Tank
debris types defined.

Introduction

THE External Tank is jettisoned from the Space Shuttle
Orbiter just before reaching orbital velocity. During

entry, it breaks up into various pieces of debris which are
spaced over a long, very narrow footprint. To predict the size
of this footprint, it is necessary to have the aerodynamic
characteristics and their statistical variations for each piece of
debris.

The theory and methodology are presented for analytically
determining the aerodynamic parameters required for a three-
degree-of-freedom (3-DOF) calculation of the entering Ex-
ternal Tank (ET) debris footprint. Mass property and
aerodynamic characteristics were generated consistent with 6-
DOF trajectory simulation. Standard deviation (1-a) range
values were derived from the 6-DOF trajectory simulation.
These range values were used to determine the effective
aerodynamic parameters: the ballistic coefficient W/CDA
with its corresponding 1-a lift-to-drag ratio, L/D. The term
"effective" is used for the aerodynamic characteristics data
since they are derived from the range dispersions of the 6-
DOF trajectory simulations. The "3-a" L/D ratio values are
derived from the 3-a 6-DOF range values.

The need for this study was indicated when it was realized
that there were no analyses verifying the aerodynamic
characteristics being used in simulating entry of debris. Prior
to development of the present technique, W/CDA values were
based on average tumbling drag coefficients, while LAD1 ratio
dispersions were based on assumed values, 0.2 having been
defined for the ET disposal footprint analyses.

Figure 1 represents an "exploded" view of the ET. The
skin-structure temperature data at ET disintegration were
used to determine the potential debris types.l The classes of
debris predicted and analyzed include: 1) medium to large
sized skin panels; 2) pipe, tubing, and conduit; 3) ring frames;
4) the intertank structure, including domes from both the
oxygen (LO2) and hydrogen (LH2) tanks; and 5) the aft
support-structure including the ET/Orbiter and ET/Solid
Rocket Booster (SRB) attachment hardware.

The purpose of this study was to establish analytically a
method of using 6-DOF trajectory simulations to determine
the W/CDA and associated 3-a L/D ratio dispersions for the
several debris types that exist at ET disintegration.
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Assumptions
The following assumptions are required for the

aerodynamic characteristics analysis described herein:
1) The defined debris types exist at ET breakup. This

assumption is confirmed by detailed studies.l The actual
shape of debris types can be represented by the shapes
assumed for this study.

2) Hypersonic aerodynamic coefficients are analytically
derived for the selected debris types. These hypersonic
aerodynamic coefficients2'3 are assumed valid during the
entire trajectory. Supersonic and subsonic data are not
required because less than 19 mi. of range is accumulated
between Mach 4 and impact.

3) The 6-DOF debris impact range data (per individual
debris type) are normally distributed about the mean.

4) The effective aerodynamic parameters generated for
each debris type consist of a value of W/CDA and a range of
values of L/D (expressed as a mean value with positive and
negative dispersions). The value of W/CDA selected is the one
which leads to equal positive and negative dispersions of L/D
from the 6-DOF standard deviation impact range calculation.

5) Small weight changes between simulated and actual
debris can be incorporated in the weight part of the WICDA.
The LID will be unchanged.

6) Changes in mass property and aerodynamic charac-
teristic due to melting are ignored.

Methodology
Debris types were identified from the ET breakup analyses

of Ref. 1. While the exact size and shape of some of the debris
types could not be completely defined, generalized definitions
were selected that allowed estimation of the 6-DOF hyper-
sonic aerodynamic coefficients (lift, drag, and side force;
pitching, yawing, and rolling moment) and mass properties
(mass and moments of inertia about the three axes). The
aerodynamic coefficients were generated with the computer
programs of Refs. 2 and 3.

The 6-DOF trajectory simulations4 were used to compute
impact footprints of the individual debris types. A typical
Eastern Test Range (ETR) trajectory was chosen as the base
case (Case 1, Table 1). State vectors at an altitude of 225,000
ft were used to initialize the 6-DOF trajectory simulation. In
addition, three sets of randomly selected ET tumble rates
(Table 2) were used for initial body rates. These different
tumble rates were used with many combinations of angle of
attack, angle of sideslip, and roll angle to obtain impact
footprints of the individual debris types. From these foot-
prints, mean and standard deviation range values were
determined.

The 3-DOF simulations5 were then used to obtain impact
range values for a parametric variation of ballistic coefficient
and lift-drag ration. From these 3-DOF range calculations
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Fig. 1 External tank (exploded view).
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Fig. 2 Range vs L/D ratio (W/CDA = 20 psf).
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range vs L/D curves were generated for six W/CDA values
(Fig. 2 presents these data for W/CDA = 20 psf). These data
were then displayed on a single Range Increment Chart as
illustrated in Fig. 3).

Two trajectories, in addition to the base case, were selected
to test the hypothesis that the effective values of W/CDA and
L/D are independent of entry trajectory. Parameters for Case
2, with a Western Test Range (WTR) launch site, and Case 3,
with an ETR launch site, are presented in Table 1.

For each of the previously defined debris types, two
standard deviation range values (plus and minus) were

marked on the Range Increment Chart. (For the example
shown on Fig. 3, these range values were 348 and 282 n.mi.)
The effective WlCDA value was defined (assumption 4) as
that which made the plus and minus LID ratio values equal.
In the example, the effective value of W/CDA was found to
be equal to 20 psf and the effective value of L/D was ±0.040.
The mean range had a 0.005 value for L/D.

The final effective values of W/CDA and L/D were selected
from results for the three trajectories to be most conservative.
That is, the smallest W/CDA values were selected for the
shorter range debris types, the largest W/CDA values were
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Table 1 Initialization parameters

Fig. 4 Skin.

selected for the longer range debris types, and the largest L/D
values were selected for all debris types.

Debris Types
Several individual studies were conducted on various types

of ET debris to gain a better understanding of their behavior.
These will be described with the results of each debris type.

Skin
The ET skin debris (Fig. 4) was the debris most extensively

studied, since there was a concern that the skin debris pieces
might skip, resulting in extremely long ranges. The skin can be
classed into four basic configurations.

Skin-1': two-axis (X and Y) symmetry that has 0 distance
between the center of gravity (e.g.) and the aerodynamic
moment reference point (MRP).

Skin-2: 7-axis symmetry that has a lateral offset between
the e.g. and MRP.

Skin-3: A'-axis symmetry that has a longitudinal offset
between the e.g. and MRP.

Table 2 Tumble rates for simulations

Setl Set 2

Pitch rate, deg/s
Yaw rate, deg/s
Roll rate, deg/s

1.8
3.0

-2.1

-0.9
-3.9
-2.7

Case 3

Launch Site

Altitude, ft
Relative velocity, ft/s
Relative flight path angle, deg
Initial dynamic pressure, psf

ETR
(Base case)

225,045
23,393
-1.11

56

WTR

200,393
20,496
-2.94

109

ETR

199,924
22,963
-1.55

139

Set 3

-4.5
-2.1
-6.5

Skin-4: no symmetry, which has both lateral and
longitudinal offsets between the e.g. and MRP. The skin size
selected for this study was 12 ft long with an arc length of 3 Vi
ft. Large 20 ft x 10 ft panels were also analyzed. Reference 1
presents a general description of all the debris types.

The skin-1 configuration had the largest range dispersion of
any of the debris types analyzed and documented in this
paper. This ' 'typical'' skin tended to tumble rather than trim
like the skin-3 or "cone/spiral" like skin-2 and skin-4.

The ET disintegration analyses imply that the skin panels
will tend to be 20 ft long and 10-20 ft wide. These large skin
panels behave in a manner similar to the small "typical" skin
panel. Both ends have thick skin for welding to ring frames.

Skin-1 produced the shortest impact range of all debris
types. Effective values of W/CDA and L/D for the three
trajectories are presented in Table 3. To be conservative, the
ET debris catalog will list the effective 3-DOF aerodynamic
parameters for skin debris as: W/CDA = 5.1 psf and
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Table 3 3-DOF debris aerodynamic characteristics

Case 1 Case 2 Case 3
aL/D aL/D

aSurvival analyses indicate that these debris types would melt before impact.

Table 4 Ring frame results

aL/D

Skin 1 (typical)
Skin 2a

Skin 3 a

Skin4a

Ring frame
Heavy pipe
Light pipe
Intertank with domes
Aft support structure

5.3
9

13
5.5

17.5
34
18
12.5
49

0.052
0.065
0.092
0.060
0.046
0.018
0.020
0.012
0.010

5.1

17
35
18
12.5
48

0.055 5.5

0.042
0.018 35
0.019
0.016
0.012 48

0.062

0.018

0.010

Statistical results Special simulations

+ 3-C7

+ l-(7b

Mean
L/D = Q

-l-<jb

Range,
n.mi

402

336

303
297

270

Orientations

Edge facing into airstream

Flat side facing into airstream

a, deg

90
0

0

0
0
0
0

Initial conditions a

|8, deg Rates

0
90

0

0
0
0
0

0
0

1000 deg/s

0
"1"
"2"
"3"

Range, n.mi.

340.1
339.2

297.5

264.1
264.0
264,2
266.5

-3-<7 209
aa is the angle of attack; 0 is the angle of sideslip.
b Implies effective W/CDA of 17.5 psf.

Table 5 Ring frame theoretical comparison (all LID = 0)

Theoretical
W/CDA, psf Range, n.mi.

6-DOF simulations
W/CDA, psf Range, n.mi.

Aver age CD(L/D = ty*
Flat side forward
Edge forward

10.6
6.85

26.6

267
213
336

17.5 297. 5b

264
339

a Initial tumble rate = 1000 deg/s.

L/D = 0.0 ±0.062. Survival analyses of the four skin types
showed that most of the skin-1 type (including all that im-
pacted outside the l-o standard deviation range) would melt
and that all of the skin-2, -3, and -4 types would melt.

Ring Frames
The ring frame (Fig. 5) analyses provided orderly results.

The ET has three sets of ring frames (Fig. 1) that may be
included in the ET debris footprint. These include: 1) between
the LO2 tank ogive and barrel section, 2) between the LH2
tank barrel sections 2 and 3, and 3) between the LH2 tank
barrels 3 and 4. The analysis implied an effective WICDA of
17.5 psf. The LID ratio associated with the range data is
0.0±0.040, with the mean having a 0.007 LID ratio. The
theoretical W/CDA, based on a calculated average CD, is 10.6
psf. The range associated with this W/CDA is 267 n.mi.,
which is very near the 6-DOF - 1-a range. A special ring frame
trajectory simulation which had an initial 1000 deg/s tumble
rate (and hence probably a 0 LID ratio) landed within 0.5 n.
mi., of the QL/D position for a 17.5 psf W/CDA.

The theoretical W/CDA for the ring facing forward (flat
side facing into wind force) is 6.85 psf. This W/CDA implies a
QL/D range of 213 n.mi., just 9 n.mi from the -3-a range of
202 n.mi. This condition was subsequently simulated with 0
rates and the three mentioned rates of Table 2. All four of the
trajectories had impact points near the - 1-a range and landed
within 2.74 mi. of each other.

Two edge-facing-forward trajectories were simulated. One
had the flat side aligned perpendicular to the Earth's surface
(angle of attack = 90 deg, angle of sideslip = 0 deg), while the
other was aligned horizontal (angle of attack = 0 deg, angle of
slideslip = 90 deg). Both of these simulations impacted near
the + 1-a range position and were within 0.4 n.mi of each
other. They also landed within 4 n.mi. of the theoretical edge
wide impact point based on a W/CDA of 26.6 psf. The ring
frame results (see Tables 4 and 5) summarize the
aforementioned data and illustrate that ballistic coefficients
derived directly from 6-DOF aerodynamic data are limited.

The three ring frames that could exist after ET disin-
tegration will tumble in an orderly fashion and land near the
middle of the complete ET debris footprint.
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Fig. 5 Ring frame.

Fig. 6 Pipe tubing.

Pipe, Tubing, and Conduit
The pipe (Fig. 6) simulations show very orderly impact

ranges for the three initial tumble rates analyzed. The three
mean values were within 0.5 n.mi. of the total mean and the
three standard deviation values were within 1.1 n.mi. of the
total standard deviations. Pipes were simulated at two
weights. The CD values backed out of the WlCDA values
were very close to 3.02 for the "heavy" pipe vs 3.18 for the
1 night' 'pipe.

The pipe analysis confirmed the results of the ring frame
analysis; i.e., ballistic coefficients based on the average drag
coefficient do not always give desirable answers. For both
pipe weights analyzed, 0 LID trajectories (initial tumble ratio
of 1000 deg/s) had actual range values almost equal to the
theoretical W/CDA (based on a calculated average CD) with a
0 LID ratio. However, with both pipe weights, these impact
ranges were near the - 3 -a range values determined from the
6-DOF trajectory simulations which used the low rates
defined in Table 2. The case 1 trajectory data is summarized
in Tables 6 and 7.

The "heavy" pipe effective W/CDA and LID charac-
teristics derived for the case 1 trajectory showed good
agreement with both case 2 and case 3 sets of 6-DOF
trajectory simulations. The "light" pipe had essentially
identical results for both the case 1 and case 2 analyses.

The WICDA values of 34 and 18 psf (heavy and light
pipe/tubing) imply that this debris landed in the middle of the
ET debris footprint. Survival analyses (Ref. 6) indicate that
all of the tubing and conduits will melt, as well as the small

Fig. 7 Intertank with domes.

diameter pipe. Large diameter aluminum pipe will have a
small percentage survive to impact. The steel bellows in the
feedline will survive and land in the far end of the footprint.

Intertank with Domes
The intertank with domes (Fig. 7) debris represents the

mass between the LO2 tank and the LH2 tank. Most of the
skin panels on the top and bottom of the intertank will
probably have melted at ET disintegration. Those areas
remaining will consist of: 1) the heavy side thrust panels used
for transferring the SRB loads into the tank; 2) the SRB cross
beam, which absorbs the moments from the SRB's; 3) four
light and one heavy intermediate ring frames used for stif-
fening; and 4) the two domes from the propellant tanks.

Both the case 1 trajectory analysis and the case 2 trajectory
analysis show this debris type having an effective W/CDA of
12.5 psf. The corresponding LID ratios associated with the
standard deviation range value are 0.012 and 0.016 for case 1
and case 2 analyses, respectively. The larger value was used
for the debris catalog valve.

The theoretical WICDA, based on the average CD of this
debris, is 10.7 psf. The range associated with the 10.7 psf and
0 LID ratio is the same as the - 2-a range value derived from
the 6-DOF trajectories.

Aft Support Structure
The aft support structure (Fig. 8), designed for transferring

both the Shuttle Orbiter and SRB loads into the aft structure
of the ET is built around the massive aft ring frame at station
2058. The Or biter/ET attachment hardware includes the
external structure, vertical struts, cross beam, diagonal strut,

Table 6 Case 1 trajectory 6-DOF pipe results

Pipe

Heavy
Light

Standard deviation
range, n.mi.

351
290

379
322

Effective
WlCDA,y*i L/D(\-a)

34
18

±0.018
±0.020

3 Standard deviation
range, n.mi.

323
258

407
354

Table 7 Case 1 trajectory theoretical pipe results

Pipe W/CD/A, psf Theoretical range, n.mi.
Range at 1000 deg/s

tumble trajectories, n.mi. Statistically derived 3-a range, n.mi.

Heavy
Light

24
11.6

329
259

326.4
259.25

323
258
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Fig. 8 Aft support structure

Table 8 Results for debris catalog

thrust struts, and the longerons that transmit loads into the
LH2 tank, as well as the heavy ring at the forward end of the
longerons (station 1971) and three stabilizing internal ring
frames. The ET/SRB attach hardware includes four titanium
attach forgings that are bolted at the station 2058 ring frame.

It is assumed that most of the LH2 tank skin between the
ring frames at stations 1871 and 2058 will have melted at ET
disintegration. A small part of the aft LH2 tank dome, which
is attached to the 2058 ring frame, is included in this debris
type.

The impact data from the 6-DOF trajectories are very
compact, implying a very low LID ratio. The extreme range
of the debris type, the longest of any debris types defined
from ET disintegration, implies a large W/CDA value. This
debris type exhibited consistent results for all three 6-DOF
trajectory analyses as noted in Table 3.

The aft support debris has a very hot entry trajectory after
ET disintegration (initially defined state vectors) since it
enters above Mach 15 at 150,000 ft, and at Mach 4.5 at
100,000 ft. While the survival to impact of the complete debris
type as defined is questionable, the effective ballistic coef-
ficients of the members that do survive (pipe and ring frames)
imply that the complete debris type would impact further
down range than any of the parts (pipe and ring frames).

Results
The results of the study, the effective ballistic coefficients

and lift-to-drag ratios, are presented in Table 3. The skin
debris type has the smallest effective ballistic coefficient
(WICDA of 5.1 psf) and thus forms the short end of the ET
debris footprint. The aft support structure has the largest
effective ballistic coefficient and, for most impact footprints,
has the fartheset impact point. Table 8 presents the 3-a
results.

The effective ballistic coefficients with corresponding lift-
to-drag ratios showed good agreement for all debris types
examined between the case 1 and case 2 trajectory analyses. A
third case was simulated for the typical skin, pipe, and aft
support structure. These latter trajectory impact range data
show good agreement, for these three debris types, with
results for cases 1 and 2. Thus the hypothesis that the coef-
ficients are independent of trajectory was confirmed. It
should be noted in Table 3 that some debris types melt before
impact and thus should not be considered as impact debris.

Skin
Ring frame
Light pipe
Heavy pipe
Intertank with domes
Aft support structure

WICDA, psf

5.1
17.5
18
34

12.5
45

LID ratio3

-3-a +3-a

-0.465
-0.216
-0.070
-0.070
-0.054
-0.039

0.130
0.102
0.054
0.054
0.043
0.033

aEffective—derived from + 3a and - 3-a range values.

Conclusions
A method has been developed for determining the effective

aerodynamic characteristics for use in a 3-DOF (point mass)
entry trajectory computer program. Development and ap-
plication of this method has implied the following con-
clusions.

1) The methodology, as defined in this paper, is a valid
means of determining effective 3-DOF aerodynamic
characteristics (the point mass W/CDA and LID ratio) from
6-DOF entry trajectory analysis.

2) The previously used theoretical method (based on
average 6-DOF drag coefficients) may be limited when
analyzing debris from an External Tank entry trajectory.
Significant differences between the theoretical W/CDA values
and the effective WICDA values were found with three of the
four debris types examined.

3) The LID ratio values of from -0.2 to +0.2 used in
previous ET footprint determinations have been con-
servatively large.

4) The typical skin debris panels define the short end of the
ET debris footprint.

5) The heavy aft ring frame attach support structure debris
type defines the long end of the ET debris footprint.
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