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This Appendix contains the report Using the Data and Observations From Flight STS-107 to Explain the Fatal Reentry of the
Columbia Orbiter OV-102, Bertin, John J., Smiley, James W. This report develops possible scenarios that were considered by

the Columbia Accident Investigation Board.
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TAST-JWS/JIB-1

USING THE DATA AND OBSERVATIONS FROM FLIGHT STS-107 TO EXPLAIN THE
FATAL REENTRY OF THE COLUMBIA ORBITER OV-102
By
DR. JOHN J. BERTIN
DR. JAMES W. SMILEY
CONSULTANTS, CAIB SUPPORT GROUP

EXECUTIVE SUMMARY

In our role as Aerothermodynamic Consultants to the Columbia Accident
Investigation Board (CAIB), we are documenting our interpretation of the key events,
which led to the demise of OV-102 during Flight STS-107. In order to develop an
understanding of aerothermodynamic environment and of the sequence of critical events
that led to the demise of the Orbiter, meetings were held with NASA personnel and their
contractors and with other consultants to Group 3 (Engineering and Technical Analysis)
of the Columbia Accident Investigation Board (CAIB). During these meetings, we
obtained film clips, timelines, basic data, interpretations of the data, and figures from
power-point presentations. In these meetings, we exchanged ideas on what we thought
were key events, about what was possible, what was likely, what was not possible, and
what was not likely.

The authors would like to acknowledge the inputs (verbal and written) that we
received from Rick Barton, Charles Campbell, Joe Caram, Ray Gomez, Dave Kanipe,
Steve Labbe, Gerald J. Lebeau, Chris Madden, Fred Martin, Scott Murray, et al. [all of
the Johnson Space Center (NASA)]; Stan Bouslog of Lockheed-Martin; and Jim Arnold,
Howard Goldstein, Pat Goodman, Robert Hammond, Jim Mosquera, and Donald J.
Rigali from the CAIB Technical Support Team. The authors have benefited from
discussions with and from presentations made by the Group 3 members of the CAIB, Dr.
James Hallock, G. Scott Hubbard, Dr. Doug Osherhoff, Roger Tetrault, and Dr. Sheila
Widnall. The following text offers our interpretation of the significance of and the
relationship between data and observations that are currently “known” about the fatal
aerothermodynamic environment of flight STS-107 for the Columbia Orbiter, OV-102.

It is the intent of the authors to document a summary of key data and provide a
realistic scenario that would explain the aerothermodynamic environment during the
demise of Columbia OV-102. In this effort, we have attempted to match what we
consider to be twelve critical events or observations that were determined from “data”
gathered from the persons mentioned in the previous paragraph. The word “data” has
been placed in quotes, since some “data” represent flight measurements whose time
and magnitude are well known, other “data” represent debris whose origin and timing is
somewhat subjective, and still other “data” are from computations and wind-tunnel tests
and, thus, are dependent on the simulation models (numerical or experimental) used.
Therefore, some of the observations based on our interpretation of the “data” may differ
from the demise scenarios proposed by others using the same “data”. For instance,
some of the information gleaned from the recovered debris may be in error, because the
debris was misidentified or because the damage to the recovered debris may have
occurred at a different time during the reentry. Furthermore, new information (in the
form of additional recovered debris, analysis, etc.) may become available at some point
in the future. For instance, data from the MADS recorder that was recovered after initial
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investigations provided information over a longer time frame and from additional
sensors. To allow for such uncertainties in the existing “data” and for the probability of
new, additional data providing an improved understanding of the aerothermodynamic
environment, most of the observations that the authors deem to be “critical” represent
several pieces of information rather than a single datum point.

Furthermore, by matching the information from twelve “critical data/events”, it is

hoped that a reasonably accurate and coherent description of the evolving damage will
be presented in this report. We will describe how the following sequence of events can
be used to define a demise scenario, which is judged to be consistent with all of the

“data”.

1.

10.

CA-000112

The observation that foam particles from the external tanks impinged on the wing
leading edge during the launch.

Radar signatures from the second day of the mission that showed a piece of
debris drifting away from the Orbiter.

. The strain-gage reading (beginning at El + 270) and the temperature rise at two

thermocouples located in the vicinity of RCC Panel 9 (beginning at El + 290), as
indicated by MADS data.

. The perturbations to the heating and to the surface pressures due to the

interaction between the bow shock wave and the wing-leading-edge shock wave
are most severe in the region of RCC Panels 8 and 9.

Start of off nominal temperature histories at four sensors on left OMS Pod
(beginning with lower than expected temperatures at El + 340, followed by higher
than expected temperatures at El + 460).

The anomalous temperature increases that occurred at various locations in the
main left-landing-gear wheel well (beginning at El + 488).

. The increase in temperatures at points located on the vertical side of the

fuselage, as indicated both in thermocouples on the Orbiter itself and in the
temperature sensitive coatings on the wind-tunnel models tested at the Langley
Research Center (beginning at El + 493).

Loss of all measurements from the wire bundle running along the backside of the
wing spar (beginning at El + 487) followed by the loss of measurements from the
wire bundle running along the left main-landing gear wheel well, which included
elevon measurements (beginning at El + 527)

The observations regarding the damage to the wing leading edge, as determined
from the recovered debris.

The modifications to the shock/shock interaction flow field that was described in
“critical data/event” #4, as developed based on the developing damage scenario
and correlated against the Kirtland photograph, i. e., observations by personnel
from the Starfire Optical Range (at El + 830.5/832.5).
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11. Comparing selected histories showing that the actual flight was close to the
planned flight up to EI + 900.

12. Using the rolling-moment-coefficient history to support findings for some of the
previous eleven points.

It is recognized that there are other data (facts) and that some of these facts may
become critical as an improved and more complete understanding of the demise is
achieved. However, based on our understanding at this time, we believe that these
twelve “critical data/events” are very important and that a demise scenario that
incorporates all twelve has some credibility. The time-dependence of these twelve
events will be based on the “Relation of Reentry Parameters” that are contained in the
table presented in Table 1 and in Appendix A. Entry Interface (El) occurred at GMT
13:44:09. Referring to Table 1, the reader can identify three, related early “events” that
indicate anomalous behavior: the strain gage reading and the high temperatures for two
thermocouples on the spar behind RCC Panel 9 (one on the clevis and one on the back
face of the spar. These foreboding signs occurred by 13:49:00, with the Orbiter still
approximately 1000 miles west of the California coast. The Orbiter was flying at
altitudes in excess of 260,000 feet, where non-continuum effects are important in
modeling the flow field and the peak convective heating has not been reached. Thus, it
is believed that the initial damage that compromised the thermal protection system and
that led to the demise of OV-102 was in place at the EI.

To readily access the figures and appendices of this report click on the hyperlinks
located on the last page of this document.
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GENERAL DISCUSSION

(1) The observation that foam particles from the external tanks impinged on the
wing leading edge during launch.

A large piece of foam (debris) from the bipod area of the external tank (ET) is
evident in the film of the STS-107 during launch. The trajectory of the debris, which is
shown in Figure 1, indicates that the ET foam debris struck the wing leading edge 82
seconds after launch. Based on this trajectory, the likeliest area of impact was on RCC
Panel 6, or slightly downstream. See Figure 2. As shown in Figure 3, RCC Panels 1
through 4 are located on the glove, which has a sweep angle of 81°. RCC Panels 5
through 7 are located on the intermediate spar, a. k. a., the transition spar. RCC Panels
8 through 19 are located on the wing spar, which is swept 45°,

Post-flight analysis of the MADS data indicated a small temperature rise in the
measurement from a temperature sensor that was located behind the wing spar of RCC
Panel 9. This is a possible additional piece of evidence that the damage occurred during
the launch phase.

The authors believe that significant damage to the RCC panels in the vicinity
RCC Panel 6 is consistent with the early thermal anomalies that were observed both in
the sensors on and/or near the spar at the back of RCC Panel 9 and in some of the
sensors in the left main-landing-gear wheel well. The anomalies that occurred in these
two regions did not occur simultaneously, but were close in time. Thus, damage
somewhere in the vicinity of RCC Panel 6 would be strategically placed to deliver hot
gases that could both damage the wires on the back of the wing spar near these RCC
panels and the wires on the main left-landing-gear wheel well. The hot gases from the
breech in the wing leading edge would also flow down the chunnel (channel/tunnel) that
exists between the RCC panels and the spar that follows the wing leading edge,
producing the anomalous readings on the sensors at the spar at RCC Panel 9.

The wing-leading-edge subsystem (LESS) is shown in the sketch of Figure 4.
The impact of the debris with a leading-edge RCC panel could have removed (all or part
of) a T-seal or produced a hole or a crack in the RCC panel itself. In an attempt to
further define the location and the extent of the debris-induced damage, NASA
personnel and their contractors have been using computational fluid dynamic (CFD)
codes. Additional work is needed to complete and to validate the analysis efforts, e. g.,
use the direct simulation Monte Carlo (DSMC) computational tools to provide an
independent validation of the flow field at these low-density gas conditions. The
modeling of the internal flow through the chunnel, starting with a breech of the leading-
edge TPS (using the location and the nature of the breech to define the boundary
conditions for a few likely initial conditions), and proceeding into the wing is a very
complex task that should be completed. Of special interest is matching the computed
results to the observed times for (1) the burn through of the MADS wires behind the
spars, (2) the burn through of the bundle of wires that ran along the wall of the main left-
landing-gear, and (3) the anomalous temperatures measured at various points inside the
left main-landing-gear wheel well.
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(2) Radar signatures from the second day of the mission that showed a piece of
debris drifting away from the Orbiter.

Radar signatures from the second day of the STS-107 mission indicated that
there was an object drifting away from the Orbiter, disappearing after a few orbits. The
radar signature and the ballistic coefficient of the object were analyzed to determine
what the object might be. Recent communications from personnel from the Lincoln Lab
(as provided to Dr. Sheila Widnall) indicate that, in their judgment, the best match to the
“data” would be a piece of a T-seal. However, the possibility exists that the impinging
ET foam caused a piece of an RCC panel to be broken off. The exact configuration of
the initial damage is not known.

(3) The strain-gage reading (beginning at El + 270) and the temperature rise at two
thermocouples located in the vicinity of RCC Panel 9 (beginning at El + 290), as
indicated by MADS data.

As shown in Figure 5, three sensors were located in the vicinity of RCC Panel 9:
two thermocouples and a strain gage. AT GMT 13:48:39, the strain gage on the left
wing spar at RCC Panel 9 starts an off-nominal increase, as indicated in Appendix A.
This is only 270 seconds after El. At this point in time, the Orbiter is located about 1000
miles west of the California coast, flying at 23,000 feet/second at an altitude in excess of
270,000 feet. Refer to Table 1. Referring to Table 1 and to Figure 6, the temperature
sensed by the thermocouple on the Spar 9 Clevis starts to increase by (approximately)
GMT 13:49:00, which is less than 300 seconds after EI. According to Table 1, the
temperature sensed by the thermocouple on the back of Spar 9 starts to increase very
rapidly with time beginning at GMT 13:51:09. Refer now to Figure 7. Signal is lost from
the thermocouple on the clevis at (approximately) 55 deg F, 490 seconds after EI. At
approximately 522 seconds after El, signal is lost from the thermocouple on the back
face of the spar at a temperature exceeding 240 deg F.

The authors believe that the increase in temperature of the two thermocouples
that are located on or near Spar 9 was caused by hot gases entering through a breech in
the thermal protection system (TPS), which occurred when the impingement of the ET
foam debris damaged the leading-edge TPS. Based on the information currently
available to the authors, the critical, it is their opinion that the initial damage probably
occurred in the vicinity of RCC Panel 6. Hot gases from the shock layer entered through
the breech in the TPS and flowed down the chunnel. Although the density of these
gases is relatively low, their temperature is very high. If this is indeed the case, then
these hot gases flowing through the chunnel also were destroying the intermediate spar,
a. k. a., the transition spar, and parts of the wing spar. Assuming this model to be
correct, the hot gases would flow through the gaps and around the edges of the
insulative wrap that surrounds the sensors. Thus, convection would be added to
conduction and radiation, as mechanisms contributing to the rate at which the measured
temperature increases.

Based on the computed flow-field solutions by NASA and on the engineering
experiences of the authors, the flow path of the ingested hot gases depends on the
location and on the shape of the breech in the thermal protection system. If the initial
damage were a hole in the RCC panel itself, there would be a strong component of flow
outward along the chunnel and parallel to the wing leading edge, following the external
streamlines. If the initial damage were a piece of T-seal, the ribs of the bounding RCC
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panels would constrain the flow to the channel bounded by the ribs. This flow path is
initially perpendicular to the wing leading edge. However, the high temperature gases
flowing in this channel could quickly ablate the downstream rib, at which time the
damage would function as a hole.

Some Observations at This Point (A)

The destruction of the spar is not the only problem caused by the hot gases
flowing down the chunnel. Under normal circumstances, the locally high convective
heating rates to the external surface of the RCC panels along the wing leading edge are
balanced by radiation into the relatively cool cavity behind the curved RCC panels, i. e.,
into the chunnel volume. In addition, under normal circumstances, some energy is
conducted away from the leading edge through the high temperature gradients in the
reinforced carbon/carbon shell. But this is no longer possible. These hot gases flowing
in the chunnel not only prevent the mechanisms for relief of the energy from the RCC
panels, they create a situation where the panels are being heated from both sides. The
hot gases in the chunnel prevent the energy relief from the high convective heating rates
to the external surface of the RCC panels. This will strike first at the RCC panel where
the convective heating from the flow in the shock layer is the greatest. As will be
discussed, the shock/shock interaction pattern produced the highest convective heating
rates in the vicinity of RCC Panel 9. This will be discussed in “critical data/event” #4.

The destruction of the intermediate (or transition) spar somewhere behind RCC
Panels 6 through 8 provides a source for the problems soon to affect objects in the left
main-landing-gear wheel well (“critical data/event” #6) and the early loss of the elevon
signals, which is attributed to the wire burn through (“critical data/event” #8).

(4) The perturbations to the heating and to the surface pressures due to the
interaction between the bow shock wave and the wing-leading-edge shock wave
are most severe in the region of RCC Panels 8 and 9.

The bow shock wave intersects the wing-leading-edge shock wave, creating a
shock/shock interaction, such as shown in Figure 8 [Ref. 1]. The interaction between the
bow shock wave and the wing-leading-edge shock wave depends (among other
parameters) on the gas chemistry, on the angle-of-attack, and on the sweep angle of the
wing. The bow shock wave is relatively weak, so that flow in the shock layer near the
wing root is supersonic and the pressure is relatively low. Far outboard, the wing-
leading-edge shock wave depends on the sweep of the wing leading edge. If the
leading edge is only slightly swept (as was the case for some of the early Orbiter
concepts), the wing-leading-edge bow shock wave will be strong with high pressures in
the downstream, subsonic flow. The low-pressure, supersonic flow inboard of the
interaction adjusts to the high pressure, subsonic flow outboard of the interaction
through a complex flow that contains regions of subsonic flow, of supersonic flow,
impinging jets, and imbedded shock waves. See Figure 8(b). The surface of the wing
leading edge that is subject to the impingement of this strong viscous/inviscid interaction
may see heating rates more than an order-of-magnitude greater than the heating rates
that would exist if there were no shock/shock interaction. However, in actuality, the
wing-leading-edge sweep angle (for RCC Panels 8 through 18) is 45°. See Figure 3.
Since the wing is highly swept, the wing-leading-edge shock wave will be relatively weak
with low pressures in the downstream, supersonic flow. See Figure 8(c). Both the jet
and the free-shear layer that are contained in the shock/shock interaction diffuse rapidly.
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As a result, the shock/shock-induced perturbation to the heating in the region affected by
impinging flow is relatively small for the current Orbiter configuration, i. e., approximately
twice the heating that would exist if no shock/shock interaction were present.

Convective heating rates in the interaction region of the wing leading edge have
been computed for the Shuttle Orbiter. The computed heat-transfer rates that are
presented in Figure 9 indicate that the interaction between bow shock wave and the
wing-leading-edge shock wave causes the heating to the surface in the interaction to be
approximately twice the undisturbed value and that RCC Panel 9 experiences the
highest heating. Because the Orbiter is operating at an angle-of-attack of 40-degrees,
the stagnation line is on the windward surface just below the apex of the leading edge.
Thus, the highest convective heating to the wing-leading-edge region affects RCC Panel
9, on the lower surface, just below the leading edge. As noted in the previous
paragraphs, under normal circumstances, these incident heating rates would be
accommodated by radiation from the back surface of the RCC panel into the cavity and
by conduction through the reinforced carbon/carbon shell, away from the stagnation line.
However, as shown in the sketch of Figure 10, the hot gases flowing up the chunnel not
only eliminate the ability to transfer energy away from the wing leading edge, but they
produce a situation where energy is added to the RCC panel from the inside as well as
from the outside. It doesn’t take long before the material near the stagnation line (on the
lower surface) fails, leaving relatively sharp RCC plates, exposed to the flow. Thus, the
authors believe that a second breech of the thermal protection system has occurred.
The authors believe that this one is most likely to be on the lower surface of RCC Panel
9 £ one panel. The authors’ belief that there are two breeches to the RCC panels along
the wing-leading edge is based upon not only the sensor data, but upon the Kirtland
photograph, which will be discussed as “critical data/event” #10. Gases quickly flow
from the high pressure region in the shock layer near the stagnation line into the
chunnel, causing the destruction of the lower surface of the panel. The authors believe
that this is a significant change in the Orbiter Mold Line (OML). The changes in the OML
of the wing leading edge modify the vortices that emanate from this region and that
impinge on the leeward fuselage. Therefore, it is associated with the start of off-nominal
temperature histories at the four sensors on the left OMS Pod, which are described in
“critical data/event” #5.

(5) Start of off nominal temperature histories at four sensors on left OMS Pod
(beginning with lower than expected temperatures at El + 340, followed by higher
than expected temperatures at El + 460).

Refer to “The STS-107 Mishap Investigation — Combined Master Timeline, -
Baseline Corrected” that is presented in Appendix A. It is noted that, at GMT 13:49:49,
which is EI + 340, “Start of off-nominal temperature trends” for “4 Left OMS Pod Surface
Temps”. Initially, the rise rate is cooler, when compared to previous flights of the same
inclination. That is followed by a warmer-than-expected temperature trend, beginning at
El + 460. Itis noted in Appendix A that the “Sensor sees a sharp increase at El + 910
and goes erratic at EI + 940.”

Even for the baseline configuration, i. e., for the configuration without any
damage to wing leading edge, free-vortex-layer types of separation are produced by the
flow around the fuselage chine, around the highly swept glove (sweep angle of 81°) and
around the transition section from the glove to the majority of the wing, which is swept
45°. The resultant viscous/inviscid interactions cause locally high heating rates and high
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shear forces to act on the orbital maneuvering system (OMS) pod. However, as is
evident in the data presented by Neumann [Ref. 2] and reproduced in Figure 11, the
heating to the OMS Pod is a function of the angle-of-attack. The correlation between the
local heating and the angle-of-attack is important, since the Space Shuttle Orbiter
employs ramping during entry. That is, the angle-of-attack of the Orbiter during entry is
initially high, i. e., approximately 40-deg. until Mach twelve is reached. Then, itis
ramped down, reaching approximately 20-deg., when the flight Mach number is four.
The reader should note that there are significant differences between the heat-transfer
correlation based on the wind-tunnel data and that based on the flight data. These
differences can be traced, at least in part, to real-gas effects, to Reynolds-number-
related effects, and/or to low-density effects.

The first author had a similar experience involving a difference between
viscous/inviscid correlations based on wind-tunnel data and those based on flight-test
data from the Gemini program. During the design phase of the Gemini capsule, it was
assumed that the reentry aerothermodynamic environment for Gemini capsule was
similar to that for the Mercury capsule. Thus, the wind-tunnel test program that was
conducted during the design phase of the Gemini was somewhat limited. However, the
Mercury capsule flew at an angle-of-attack of zero degrees, while the Gemini capsule
reentered at an angle-of-attack of approximately 20-deg. Because the Gemini capsule
flew at non-zero angle-of-attack, a vortex-induced viscous/inviscid interaction produced
locally high heating rates on the conical surface in the vicinity of the umbilical fairing.
The locally high heating rates produced numerous, small holes in the surface of the
conical frustum of the capsule that was made of Rene 41. Once the inspection of the
recovered capsule revealed the damage, a post-flight wind-tunnel test was conducted
with instrumentation specifically located to obtain information about the
aerothermodynamic environment in the region of perturbed flow. The wind-tunnel data
revealed that locally high heating rates due to the viscous/inviscid interaction caused by
the presence of the flow over the umbilical fairing. Although the wind-tunnel tests
revealed the presence of and the approximate strength of the perturbations, there were
considerable differences between the severity and the locations of the flight-observed
damage and those based on the wind-tunnel tests. The results were similar to those of
Figure 11.

By EIl + 290, anomalous readings have occurred at the three sensors near Spar
9, as discussed in section relating to “critical data/event” #3. By El + 493, anomalous
data will be evident in the data from sensors in the left main-landing-gear wheel well and
on the vertical side of the Orbiter. There will be a loss of the measurements from wire
bundles at various locations in the wing box, beginning at El + 487. These anomalous
data indicate there was a considerable mass flow of hot gases through a large fraction of
the internal wing volume.

The off-nominal temperature trends that were discussed in the first paragraph of
this section (first slightly below the expected values, then above the expected values)
are attributed to changes in the free-vortex shear-layer pattern that dominates the
leeward flow field. The changes in the vortex pattern are due to the changes in the
Outer Mold Line and to hot gases that are flowing from the internal wing volume through
the vents that are located on the upper surface of the wing. The specific location of the
perturbations to the surface heat-transfer and surface pressure are sensitive to the
angle-of-attack, to the Reynolds number, to the density ratio across the shock wave, etc.
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Flow-field computations for an Orbiter with RCC Panel 6 removed that were
presented by Labbe et al. [Ref. 3] are reproduced in Figure 12. The computations that
were made with the FELISA code at the Langley Research Center (NASA) assume an
inviscid flow with equilibrium air in a Mach 23.8 stream. Three principal observations are
associated with the removal of RCC Panel 6:

“(1) Produces negative roll and yaw moments w/small magnitude

(2) Streamlines for the damaged vehicle track inboard of baseline

(3) Resultant shock raises pressures in proximity to temp measurements”.

(6) The anomalous temperature increases that occurred at various locations in the
main left-landing-gear wheel well (beginning at El + 488).

The first sign that hot gases had reached the main left-landing-gear wheel well
showed up in the brake-line temperature measurements. A “bit flip” in the “LMG Brake-
Line Temp D” occurred at GMT 13:52:17 [Ref. 3]. This is temperature trace M in Figure
13. Thus, this event occurred 488 seconds after El, which is approximately three
minutes after the anomalous readings in the vicinity of Spar 9 (“critical data/event” #3).
While a “bit flip” may well be within the experimental uncertainty and, therefore, will not
be truly indicative of a problem, the LMG Brake-Line temp D was only one of many
anomalous measurements that occurred in this time frame at sensors in the vicinity of
the left main-landing-gear wheel well. Referring to Table 3, three “LMG Brake Line
Temps” began unusual temperature increases in the time frame GMT 13:52:17 to GMT
13:52:41. Both the temperature measurement for LMG Brake-Line Temp C, which is
trace | in Figure 13, and the temperature measurement for LMG Brake-Line Temp A,
which is trace G in Figure 14, exhibit anomalous increases starting at GMT 13:52:41.
These three gages cover X, coordinates from approximately 1100 through 1200. Thus,
all three sensors are aft of the tires of the LMG. Because the rate of increase for the
temperatures sensed in the wheel well was relatively slow, the hot gases didn’t impinge
directly on these sensors. Instead, the authors believe that the hot gases entered the
cavity away from the sensors and gradually heated the volume of air that resided in the
wheel well. Because of the severe damage on the tire and of the aluminum residue
splattered on a door latch, the authors believe that the plume of hot gases could have
entered that area through a breech near RCC Panel 6.

(7) The increase in temperatures at points located on the vertical side of the
fuselage, as indicated both in thermocouples on the Orbiter itself and in the
temperature sensitive coatings on the wind-tunnel models tested at the Langley
Research Center (beginning at El + 493).

It is noted in Appendix A that, by GMT 13:52:52, i. e., El + 493, unusual
temperature shifts were observed in five thermocouples on the fuselage and on the
upper left wing. It is noted in Table 1 that "Mid fuse bond temp starts up” at GMT
13:54:22. The location of this sensor is noted in Table 3 as X, = 1410. Hasselback [Ref.
4] reports that, at GMT 13:53:29, “Fuselage side surface temp increase at X, 1000.7”.
Because these anomalous fuselage side-wall temperatures were given a separate
mention in the time line of Appendix A, it is given a separate data/event number in this
report. However, the flow phenomena that cause these anomalous are essentially those
associated with the anomalous heating to the left OMS Pod, i. e., “critical data/event” #5.

Wind-tunnel data from the 20-inch Mach 6 (Air Wind Tunnel) at the Langley
Research Center (NASA) that are reproduced in Figure 15 show increased heating rates
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on the side of the Orbiter fuselage both for only RCC Panel 6 removed and for only RCC
Panel 9 removed.

(8) Loss of all measurements from the wire bundle running along the backside of
the wing spar (beginning at El + 487) followed by the loss of measurements from
the wire bundle running along the left main-landing gear wheel well, which
included elevon measurements (beginning at El + 527).

Several of the wires carrying signals from the MADS sensors (including the two
temperature measurements behind RCC Panel 9, one on the clevis and one behind the
spar) run behind the RCC Panel 9 area wing spar along the back of the spar, forward to
the front of the wheel well (about RCC Panel 5). See Figures 16 and 17. At El + 487,
the sensors whose wires run on the back of the left wing front spar begin going off-line,
indicating a burn through of the spar. Over the next 10 seconds most of these signals
go off line. The last one, the bottom-most wire, goes off-line at EI + 522. Since these
wires are separated by about eighteen inches in most locations, the breech, at least its
vertical dimension, had to be quite large. Beginning at approximately GMT 13:52:59,
which is equivalent to El + 530, the wires in the large bundles that run along the top of
the wheel well (See Figure 17 and 18) begin to go off line. The first signal to go off line
was the elevon lower skin temperature. Over the next minute or so most of the signals
in these wire bundles go off line. See Figure 19. This would indicate a significant
amount of heat was impinging on the wires and wheel well wall. NASA has performed a
number of tests to investigate the burning of wire bundles. These test demonstrated that
the rapid loss of the entire wire bundle requires very hot gases, with local heat rates of
80 to 90 Btu/ft’-sec. ltis likely that the wheel well wall had been penetrated at this time,
since anomalies were showing up in the temperature measurements in the left main-
landing-gear wheel well. Recall that the first observed “bit flip” in the wheel well was at
El + 488. While this single “bit flip” may or may not be significant by itself, within the next
one to two minutes most of the temperature sensors on the landing gear in the wheel
well began to increase. Refer to the discussion of “critical data/event” #6.

This sequence raises some dilemmas that need to be addressed. First, how do
we get enough heat on the wheel well to burn the wires, but yet the sensors in the wheel
well stay on line until the loss of the Orbiter and the temperatures only go up about 40°F.
Second, the hole through the spar has to be large enough (> 18 inches tall) to take out
all the wires, creating a large path for the hot gases to go into the wing interior, yet much
of the aluminum wing structure stays intact for another 8 minutes. One explanation
could be that a T-seal (or portion of a T-seal) missing. With a T-seal the impinging jet
would be narrow, but tall enough to cut all the MADS wires. It could take out the vertical
array of wires without the massive heat a “circular hole” would deliver. Also, it would
seem that the breech in the spar should be near where the wire bundles (MADS and Ol)
are close together so the required heat would be minimized. This would favor a breech
through a lower number RCC panel. However two strain gages on the front of the wheel
well did not go off-line (See Figure 18). This would tend to rule out RCC Panel 5, which
is ahead of the front wheel well wall. If the initial damage were to a T-seal (or maybe
created a hole just upstream of an RCC rib), the hole through the spar could be smaller
and still burn a vertical array of wires. Interestingly enough, such a damage
configuration would result in initial flow perpendicular to the spar and cut wires. After 2
to 3 minutes, the very hot gases impinging on the downstream edge of the slot would
burn through the RCC rib. At this point the hot gases would tend to flow down the
chunnel, damaging the downstream RCC panels and the spar.
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(9) The observations regarding the damage to the wing leading edge, as
determined from the recovered debris.

Many members of the Board and support staff have spent considerable time in
Florida examining the recovered debris. Experts such as Jim Arnold, Howard Goldstein,
Pat Goodman, Greg Kovacs, Mark Tanner, and Don Rigali have spent considerable time
and effort analyzing the recovered debris. The present authors are not as
knowledgeable as many others on the detailed interpretation of the reconstructed wing
leading edge. Therefore, our conclusions rely on the photographs, reports, and oral
feedback from these experts. Photographs of the reconstructed wing-leading-edge
panels, RCC Panels 5 through 11, are presented in Figures 20(a), 20(b), and 20(c).
Note that very little of the bottoms (windward surfaces) of RCC Panels 6 through 9 have
been recovered. The authors interpret the damage pattern to RCC Panels 6 through 9,
as supporting their belief that the foam-induced damage was centered on RCC Panel 6
and the subsequent damage caused by the blockage-of-relief/additional-heating from the
chunnel gases led to the loss of most of RCC Panel 9. Because RCC Panel 9 is in the
most severe region of the baseline shock/shock interaction region, it would be expected
to suffer the most damage. Thus, we believe that the subsequent loss of RCC Panel 9
left two regions where substantial damage had occurred to the wing-leading-edge RCC
panels relatively early. Of course, the absence of debris could mean simply that the
debris has not been found. It appears that significant fractions of the upper section of
RCC Panels 7 and 8 have been recovered. Thus, it appears that there was a surviving
section of RCC panel(s) between the two gaps. This is consistent with the authors’
belief that, by the time of the Kirtland photograph, there were two distinct notches in the
wing leading edge, which were caused by the loss of a substantial amount of RCC Panel
6 (+/- one panel) and RCC Panel 9 (+/- one panel). Between these “missing” panels, a
piece of the wing leading edge (what we believe to be the surviving pieces of RCC
Panels 7 and 8) remains in place.

The experts report that there is a lot of unique damage in the vicinity of RCC
Panels 8 and 9, noting that there is considerable slag deposited on the inner surfaces of
the upper portions of the recovered panels. The relative metallic deposition on left wing
materials is presented in Figure 21. Note that the metallic deposition is “heavy” to “very
heavy” behind RCC Panels 7, 8, 9, and 10. Since the predominate flow stream will be
up and out along the chunnel, this pattern would be consistent with an initial breech in
the vicinity of RCC Panel 6 +/-1 panel with the hot gas plume impinging on the spar
behind RCC Panels 7 and 8, causing splatter on the material in this area.

The authors believe the recovered portions of RCC Panels 6 through 10 are
reasonably consistent with the demise history of the panels that will apply to “critical
data/event” #10. Moving circumferentially around the wing leading edge in an x-y plane,
the most severe convective heating occurred in the vicinity of the stagnation line in the
shock/shock-interaction region, which is most severe for RCC Panel 9 + one panel. See
Figure 9. The burn through started at the stagnation line and proceeded to eat away the
RCC shell in either direction. Thus, it is not surprising that the lower surface has not
been found for any of these RCC panels. The hot gases flowing through the chunnel
from the original ET foam-induced breech to the thermal protection system (TPS), which
occurred in the vicinity of RCC Panel 6 +/-1 panel, ate away at numerous metal
surfaces, depositing the residue as slag on the surviving inner surfaces of the leading
edge TPS elements.

11
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It would be reasonable to expect that, if any portion of an RCC panel were
recovered, it would be upper portion of the panel. The lower portion (which is the
windward portion and, therefore subjected to the greatest convective heating) of the
panel may be destroyed during the expanding destruction of the reinforced
carbon/carbon shell. Referring to Table 2 and Figure 20(c), the upper portions of RCC
Panels 7 and 8 on the left wing have been recovered. Only the edges of the upper
portion of RCC Panel 9 have been recovered. As of the date of this writing, the lower
portions of these three RCC panels have not been found.

Some Observations at this Point (B)

Referring to the timeline record presented in Table 1 for the flight STS-107 of
OV-102, the first debris was seen leaving the Orbiter at GMT 13:53:44. Hot gases have
been entering through a breech, or breeches, that occurred in the vicinity of RCC Panels
6 though 10. Sensor measurements on the spar behind RCC Panel 9 indicate
anomalies starting at approximately GMT 13:48:39, which is 270 seconds after El.
Temperatures sensed at various points in the LMG brake line exhibit anomalous
behavior, starting at GMT 13:52:17 (or slightly later). Thus, the anomalous temperature
measurements from the main left-landing-gear wheel well started approximately 488
seconds after El.

Note that “critical data/events” # 3 and #5 through #9 take place over several
minutes in time, affecting first sensors at the spar behind RCC Panel 9, which is
relatively close to the wing leading edge, and then, approximately three minutes later,
affecting brake line temperatures in the LMG wheel well. This pattern is consistent with
a damage model that starts with a foam-impact-induced breech near RCC Panel 6 + one
panel. Hot gases flowing through the chunnel not only block the path for relieving the
relatively high heating rates to the external surface of the RCC panels in the vicinity of
the shock/shock interaction, but cause these critical panels to be heated from both sides.
Because the shock/shock interaction to the baseline configuration produces relatively
high heating rates centered in the vicinity of RCC Panel 9 (refer to Figure 9), the internal
flow next creates catastrophic damage to the TPS in this region. Thus, the RCC panels
in this region undergo growing damage, providing a second breech to the TPS. As
noted earlier, at this point in time during reentry, there has been a significant change to
the Orbiter Mold Line (OML).

Note that it is the authors’ opinion that the limited data available to the authors at
this time does not rule out the possibility that the initial foam-impact-induced breech
might have affected an RCC panel downstream of RCC Panel 6. However, the Kirtland
photograph, which will be discussed in the next section, indicates to us that there are
two gaps in the wing leading edge. Regardless of where the initial breech of the wing
leading edge occurred, the locally high pressures due to the shock/shock interaction that
exist for the baseline Orbiter configuration are greatest on the surface of RCC Panel 9
+/- one panel. These pressures drive the hot gases into the wing volume, contributing to
the heating to those gages on the spar behind RCC Panel 9. Then, within a few
minutes, the gases break through the spar and the LMG wheel-well wall. Damage to the
Orbiter is growing rapidly. The first five debris events (refer to Table 3) occurred in the
time GMT 13:53:44 to 13:54:11. The demise of one or more RCC panels changes the
Orbiter Mold Line (OML) geometry of the wing leading edge. Instead of encountering a
rounded leading edge with gradually changing wing-leading-edge sweep angles, the
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oncoming flow sees cavities or notches in the wing leading edge, flat faces of (what is
left of) the spars, metal surfaces of high catalycity, etc. See Figure 22. Locally strong
shock waves that are imbedded in the viscous/inviscid interaction change the nature of
the interaction to one more like that of Figure 8(b). A significant increase occurs to the
perturbations in heating to the erose leading edge formed by the damage to/loss of
those RCC panels in the “transition zone”, e. g., RCC Panels 6 through 9. All of this,
occurs with the Orbiter flying at velocities in excess of 22,000 feet/second (Mach 22.5)
and at an altitude of 227,000 feet where the flow is a continuum and the
aerothermodynamic environment is severe.

The scenario now becomes one in which the damage accelerates dramatically.

(10) The modifications to the shock/shock interaction flow field of “critical
data/event” #4, as developed based on the developing damage scenario and
correlated against the Kirtland photograph, i. e., observations by personnel from
the Starfire Optical Range (at El + 830.5/832.5).

As noted in the previous paragraphs, debris events 1 through 5 take place from
GMT 13:53:44 to GMT 54:11. See Tables 1 and 3. A number of tiles and/or pieces of
individual RCC panels along the leading edge have been ablated, or lost. See Figures
20(a) through 20(c) and the “The Content of Left RCC Panels” in Table 2. Consistent
with our premise, let us assume that there are at two gaps due to “missing” RCC panels
from the wing leading edge. Missing is in quotes because parts of the panels are
probably still in place. Furthermore, each notch may represent one or more RCC
panels. Recall from the previous discussion that the initial, critical, foam-impingement-
induced damage possibly affected RCC Panel 6 + one panel. The early and rapid
responses of the three sensors near the spar behind RCC Panel 9 led to the postulation
that hot gases were flowing through the chunnel. The significant amount of metallic
deposits on left-wing materials presented in Figure 21 further supports the contention
that damage to RCC Panel 6 was the initial breech. Downstream, leading edge RCC
panels were being heated from both sides, with disastrous effects. The most disastrous
were to the RCC panels located where the shock/shock interaction heating was the
greatest, RCC Panel 9. Thus, based on the previous discussion, we will assume that
the two notches are centered on RCC Panel 6 and on RCC Panel 9. Refer to Figure 22.

As shown in the sketch of Figure 23, the loss of these segments along the wing
leading edge present the oncoming flow with notches that contained flat faces, forward-
facing corners, etc., instead of the gradually changing sweep angle and the rounded
nose of the undamaged wing leading edge of the Orbiter. Locally strong shock waves,

i. e., shock waves that are perpendicular to the oncoming flow, occur for each notch. A
portion of each shock wave is normal to the oncoming flow, but only for a short distance.
The notch-induced shock waves quickly curve away as the flow follows the RCC surface
downstream of the corner. Thus, the shock shape has a “bubble-like” appearance in the
plane of the paper.

The shock-layer structure postulated for each notch in the sketch of Figure 23 is
similar to that obtained during the Mach 6 wind-tunnel tests that were conducted at the
Langley Research Center. See Figure 24. Consider the curved shock wave associated
with the notch created by the removal of RCC Panel 9 from the wind-tunnel model. The
trace of the shock wave nearest the wing root, i. e., the trace that extends into the notch
produced by the missing RCC Panel 9 is normal to the oncoming flow. Thus, the flow
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immediately downstream of the normal shock wave is subsonic. As the shock wave
curves, it becomes weaker and the flow immediately downstream of the shock wave is
supersonic. Because the shock wave is curved, there is considerable vorticity in the
shock layer flow approaching the wing leading edge. The curved shock wave
associated with the notch of RCC Panel 6 would exhibit similar features. Furthermore,
when these two curved shock waves intersect for this high angle-of-attack configuration,
they create an extremely complex flow field.

Consider next the flow of the air in the shock layer just ahead of the wing leading
edge. The density of the air in the shock layer will be greatest in the shock-layer flow
downstream of the normal portions of the shock wave. The large density gradients that
occur in the shock layer flow would cause light rays from a distant source on the far side
of the vehicle to be bent as they pass through the shock layer. Light rays would bend
due to the large second derivatives in the density of the air in the shock layer, producing
dark areas in a photograph of the flow. This phenomenon is similar to the shadowgraph
technique, which is used to visualize the shock-wave structure in a wind-tunnel flow.
The stand-off distance from the shock wave to the vehicle surface is relatively small for
these hypersonic flows. Thus, the shock layer flow in the shadowgraph may appear as a
dark region in the plane of the photograph. The reader should note that this is a two-
dimensional trace of a three-dimensional phenomenon.

A photograph of the Orbiter in flight was taken by personnel at the Starfire
Optical Range is presented in Figure 25. This is called the Kirtland photograph. It was
taken at EI + 830.5/832.5, which is just less than two minutes before the loss of signal.
Note the similarity between the notch-induced shock-wave structure that the authors
postulate for the flow near the wing root (refer to Figure 23) and the darkened area in the
Kirtland photograph (refer to Figure 25), which contains two bubbles in the darkened
area near the intersection of the wing with the fuselage. Many investigators have tried to
define the place of the Orbiter within the darkened area. Two examples of these
attempts are presented in Figures 26 and 27. Although the present authors do not
necessarily agree with the phenomenological models proposed for these two figures,
they do support our belief that damage to the wing-leading edge in the form of missing
RCC panels produces a multiply-curved shock structure. The existence of two notches
along the wing leading edge produces a shock-layer structure, which is consistent with
the present authors’ interpretation of the Kirtland photograph.

Assume that the breech of the wing leading edge through the loss of “two” RCC
panels occurred near GMT 13:54:00, i. e., the time of debris events one through five.
“Two” is in quotes, because the possibility exists that portions of adjacent RCC panels
may also be missing during this time frame. Why does the darkened region in the
Kirtland photograph, which was taken at GMT 13:57:59.5, which was approximately 240
seconds later, still correlate with the authors’ model of the notch-induced perturbed flow?
The authors believe that, while there is a considerable mass of hot gases flowing
through the wing box, there is a considerable thermal mass available to absorb the
energy in these hot gases. Thus, it takes awhile for the damage to the structures in the
internal wing volume to reach the critical limit, where the left wing will break off. This
occurs somewhere between the time of the Kirtland photograph (EIl + 830.5/832.5) and
the LOS (El + 923).
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(11) Comparing selected histories showing that the actual flight was close to the
planned flight up to EIl + 900.

Beginning at El + 270 and continuing through El + 923, which corresponded to
LOS, the damage to OV-102 grows continuously. Breeches along the wing leading edge
allow hot gases to flow through large portions of the internal wing volume, destroying
structures in its path. Venting gases and the changes to the OML modify the vortical
flow over the leeward surfaces of the Orbiter. Nevertheless, the “actual, or as flown
trajectory” was very close to the “planned trajectory”. Referring to Figure 28, the velocity
history for the actual trajectory follows closely that for the planned trajectory through EI +
923. A similar comparison for the altitude history would produce the same degree of
agreement.

It is noted in Appendix A that angle-of-attack modulation becomes active at El +
562. “Entry Guidance enables limited delta angle of attack commands from the
reference angle of attack to promote improved convergence to the reference drag
profile”. Referring to Figure 29, the reader can see that the “actual, or as-flown” angle-
of-attack history follows “reasonably well” the “planned” angle-of-attack history until after
El + 900. The actual angle-of-attack was usually within one degree of the planned flight
angle-of-attack.

Thus, despite the growing damage, many of the flight performance parameters
remain close to nominal up to this time. At some time after (approximately) El + 860,
with the Orbiter over Texas, a substantial portion of the left wing probably broke away.
From then on, there were a plethora of indicators of trouble.

(12) Using the rolling-moment-coefficient history to support findings for some of
the previous eleven points.

The delta rolling moment history is presented in Figure 30. The strong oscillatory
variations of the delta rolling moments that occur before GMT 13:50:00 were attributed
to experimental uncertainty from the outset, as noted by Labbe et al. [Ref. 3]. From
GMT 13:50:00 through GMT 13:53:00, the delta rolling moment was relatively constant
and negative. The magnitude is within the experimental uncertainty. Furthermore,
additional review of these data indicated that there had been flight-to-flight variations of
similar magnitude from previous flights. Winds were offered as another factor that could
have affected the data in this time frame. Because of these three factors, the authors
have assumed that none of the delta rolling moment data for times before GMT 13:53:00
are definitive.

From GMT 13:53:00 to GMT 13:54:00, the delta rolling moments are negative
(left-wing down) and becoming more negative with time. See Figure 30. In the same
time frame are the first five debris events. Recall that, for the flow field that was
computed for the Orbiter with RCC Panel 6 missing, there were negative rolling
moments of small magnitude. See Figure 12.

Research activities have been conducted by personnel at the Langley Research
Center (NASA) to determine the flow field of the Shuttle Orbiter at an angle-of-attack of
40°. Notches in the wing leading edge simulated missing RCC panels. The Mach 24.2
flow field was computed assuming that the Orbiter was missing RCC Panel 9 and that
the air was in thermochemical equilibrium. Surface pressures for this computed flow
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field are presented in the lower right-hand figure of Figure 31. Streamwise streaks of
high pressure are associated with the vortices from the shock interactions and from the
flow around the notches. The effect of the vortices are also exhibited in the streamwise
streaks of high heating that bound the large area of lower left wing surface where the
notch has perturbed the heating. See the lower left-hand figure of Figure 31.

High pressures act at the notch left by the loss of RCC Panel 9. The probable
loss of a good portion of the spar behind that RCC panel provides a path for the hot
gases to create devastation to the structures in large areas of the internal wing volume.
Although temperature measurements in the LMG wheel well have been indicating
problems for over two minutes, the damage to the wing front spar and internal struts is
increasing. The timeline presented in Table 1 indicates that, during the same time frame
that first five debris events occur. It is likely the upper interior wing honeycomb surface
is being heated above the RTV (tile bonding adhesive) failure limit and the tiles are
coming off. Itis also possible a larger section of the honeycomb aluminum burns or
comes lose which could correspond to the flash (burning of the vaporized aluminum)
observed in this time period.

As the internal wing structure (spar and struts) melts, the dynamic pressure on
the lower wing surface would likely cause some wing flexure, bending up or dimpling of
the lower wing. Loss of the internal wing structure would put added loading on the
remaining RCC panels causing them to break, consistent with observed panel tops
cracked at the apex. A bent spanner beam was also found. These phenomena also
contribute to the explanation of the increasingly positive rolling moment observed.
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CONCLUDING REMARKS

This document develops a plausible scenario for the demise of the Shuttle
Columbia based on what the authors judge to be 12 critical pieces of data. While there
is lot still unknown and much we’ll never know, the authors believe there is sufficient
collaborating evidence to support the following conclusions:

1. At 82 seconds into the launch, the ET-foam debris strikes the wing, damaging the
leading edge. For reasons discussed in the main body of the report, the authors
believe the initial breech was in the vicinity of RCC Panel 6 + one panel. This
also would mean the breech was present at start of reentry.

2. Hot gases entering a breech near RCC Panel 6 have several negative effects.
First, hot gases flow down the chunnel, causing the MADS sensors near spar 9
to have anomalous responses early in the entry. The slag and other melting
metallic components are splattered onto the surfaces behind RCC Panels 7
through 10. See Figure 21. Second, the incoming plume impinges on the spar,
eventually burning a hole. Third, the hot gases in the chunnel reduced the heat
rejection capability of the RCC panels downstream (outboard) of RCC Panel 6.
Since these RCC panels are in the region where the baseline shock/shock
interaction pattern is most severe, a second breech in the TPS occurs near RCC
Panel 9 + one panel. Soon other RCC panels in the vicinity experience
significant ablation. See Figure 20(c).

3. The hole through the spar has some defining characteristics. It has to burn all 4
MADS wire bundles on the back of the spar (making it about 18 inches high), yet
focus enough heat on the Ol (telemetry) wire bundles several feet away on the
top of the wheel well to burn them quickly. A missing T-seal (or a portion thereof)
near RCC Panel 6 + one panel would allow a concentrated slit of hot gases to cut
the wire bundles, without depositing heat to a large internal volume in the wheel
well. Since the temperature sensors in the wheel well all increase together, but
at a very slow rate (about 8 degrees per minute), the plume can’t be impinging
directly on these temperature sensors. Within a few minutes, the slit jet will
change to a “circular” hole as the downstream rib burns through. The change in
the geometry of the breech causes more of the hot gases to flow down the
chunnel.

4. Damaged panels near RCC Panels 6 and 9 would explain the OMS-Pod heating
transients because of the perturbation to the flow over the wing. This behavior is
consistent with studies being conducted at the Langley Research Center (LaRC).
Notches at two locations along the wing leading edge appear as a double hump
in the leading edge flow field that is captured in the Kirtland photograph, which
was taken when the Orbiter was visible to the Starfire Optical Range,

5. The debris damage shows a lot of unique damage in the region of RCC Panels 8
and 9. This is consistent with a secondary burn through in this max-heat area
after hot gases get in the chunnel. The fact that much of the bottom panels in
region 6 to 10 are missing would be consistent with burn through on the bottom
high heat area. Probably first occurring at the shock-shock interaction centered
on RCC Panel 9, but eventually affecting RCC Panels from 6 to 10. The tire in
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the left wheel well shows unique burning, as does one of the main gear up-lock
parts. This would be consistent with a jet originating behind RCC Panel 6 and
burning through the wheel well near the tire. The tire would protect the
temperature sensors in the wheel well from being directly hit and, as a good
insulator, help diffuse the heat for a while giving in a more uniform heat up rate in
the wheel well.

6. The small initial decrease in rolling moment is consistent with LaRC wind tunnel
test with “missing” RCC panels. The hot gases will penetrate into the wing front
spar region and the wing internal structure. As this wing support structure is
destroyed the lower wing surface will begin to flex upward under the increasing
dynamic pressure load as the atmospheric density increases. The changing
shape could explain the continuing increase in roll moment up until the loss of
signal at about EI + 923.

While there is much that will never be known about the demise the authors judge
the scenario developed in this paper is reasonable and may best correlate with the
available aero, thermal, debris, and timeline. At the time of this report, NASA has not yet
completed an integrated Aerothermal-structural analysis starting with a breech in the
vicinity of RCC Panel 6.
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To see figures click on 2 Fatal Reentry of STS107 Data and Observations.ppt

To see appendix click on 3 Timeline-STS-107-REV17-BASELINE.xIs
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