Volume II

Appendix D.19

Quualification and Interpretation

This appendix provides a thorough review of the Modular Auxiliary Data System (MADS) recorder and sensor operation and
an analysis of the data that was gathered from the MADS system and used during the investigation.

This appendix also contains several draft recommendations that were reviewed by the Board. Several of these were adopted
and are included in their final form in Volume I. The conclusions drawn in this report do not necessarily reflect the conclu-

sions of the Board; when there is a conflict, the statements in Volume I of the Columbia Accident Investigation Board Report
take precedence.
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Submitted by Prof. R. B. Darling, Ph.D., P.E.,

University of Washington, Department of Electrical Engineering, June 26, 2003

INTRODUCTION

The first indications of problems with the space shuttle or-
biter Columbia, flight mission STS-107, during its re-entry
on February 1, 2003, were provided by telemetry data that
revealed numerous sensors on board the spacecraft had
either malfunctioned or recorded a path of propagating de-
struction through the left wing areas. In the aftermath of the
accident, during the ground search over Northern Texas, the
OEX flight data recorder was recovered, miraculously intact,
and it provided a wealth of additional sensor readings which
have proven invaluable to reconstructing the events of the
accident. In order to better understand the information pro-
vided by these two sources of data, and to provide practical
working limits on the extent to which events can be inferred
from them, an analysis of the sensor instrumentation systems
on the Columbia and of the telemetry and recorded data that
they provided was undertaken. This work was carried out
under the direction of the independent Columbia Accident
Investigation Board (CAIB) over the period of March 15
through June 15, 2003. Close support for this work was pro-
vided by the Columbia Task Force (CTF) at NASA which
provided access to raw data, databases, briefings, technical
specifications, and specific requests for information.

This report is organized into two main sections: first, an
analytical description of the instrumentation system and
its operational behavior, and second, an analysis of the un-
usual events and time correlations on the STS-107 mission.
The description of the instrumentation systems follows the
same order as the signal flow, starting with the various sen-
sors themselves, proceeding though the wiring to the data
acquisition hardware, onward to the data recorder or the
telemetry communication links, and finally to the ground
where the raw data is extracted and calibrated. The analysis
of the anomalous events and time correlations first examines
various groups of sensors within the telemetry data and then
groups of sensors within the data that came from the OEX
recorder. Finally, the report closes with some overall conclu-
sions and recommendations.

REPORT VOLUME II -

As with all efforts to reconstruct a past series of events,
numerous hypotheses are put forward to explain the circum-
stances. This report does not attempt to present any such
hypothesis, nor to judge one as being more plausible than
any other. Rather, the purpose of this report is to provide
a factual basis upon which specific hypotheses can be an-
chored, and of equal importance, to limit the degree to which
conclusions can be logically drawn. It is a natural tendency
of human nature to find one minor fact and to over extend its
implications. In the present case, there may be a tendency to
take a one bit change from one sensor at one point in time
and proclaim an entirely new scenario from it. While the one
bit may support a new hypothesis, the remaining hundreds
of sensors and thousands of time slices may not. In assessing
the worth of various hypothetical scenarios for the Columbia
accident, it is important to not use isolated fragments of the
sensor data to support one or more pet hypotheses, but rather
to use all of the sensor data collectively to uniformly critique
all of the hypotheses. A single instrument does not convey
the music of an orchestra, and the same is true for the sensor
systems of the Columbia.

LINK-WISE ANALYSIS
SENSORS

Resistance-Temperature Detector (RTD)
Temperature Sensors

These temperature sensors are described in drawing no.
ME449-0160, which can be found in the Shuttle Drawing Sys-
tem (SDS) database. Ten different dash numbers are in use,
-0001 through -0010, each comprising a chemically pure
platinum (Pt) sensing element that is bonded onto an insulat-
ing carrier substrate. These sensors are designed to operate
under normal conditions from —-320°F to +500°F or up to
+2000°F, depending upon the dash number. Each is config-
ured with #30 gauge solid copper leads that are nickel plated
and Teflon insulated. Higher temperature sensors have fiber-
glass insulation on the lead wires. The sensors are connected
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by three leads, brown on one end for the (+) lead, and two
white leads on the other end for (-) and ground. The sensors
are designed to measure surface temperatures and are typi-
cally adhesively bonded onto the mechanical component to
be measured, using either tape or RTV-560, a silicone rubber
adhesive and potting compound. The lead wires from the
sensor are connected to the main general purpose instrumen-
tation wiring harnesses by means of crimp-type splices.

Platinum is a near-refractory metal and has a melting point
of 1769°C (3216°F). Cold-drawn copper lead wires have a
melting point of 1083°C (1981°F). Failure modes for the
sensor would thus be most likely associated with debonding
or adhesive release, rather than direct melting of the metallic
electrical components. This depends greatly upon the specif-
ics of each sensor installation, but should be consistent with
their highest temperature of intended use.

Each sensor has a nominal resistance of 100+0.25 Q at 0°C
(32°F), except for a few which have nominal resistances of
500 and 1380 Q. Self heating effects with up to 5 mW of
electrical power produce less than 0.5°F rise in temperature.
The thermal time constant for each of these sensors is less
than 0.5 seconds due to their small thermal mass. A two-lead
plus ground configuration is used to connect each RTD to
the data acquisition system. Thus, the series resistance of
the wiring harnesses does add directly to the net measured
resistance of the RTD. However, 100 ft. of #24 gauge solid
copper wire has a series resistance of only 2.567 Q, and any
fixed offset in nominal resistance is removed using the 0"
polynomial coefficient of the calibration curve. The temper-
ature rise of the Pt sensing element produces an increase in
its electrical resistance, given by the temperature coefficient
of resistivity (TCR) of Pt that is o = 0.0039 °C-'. Platinum
is used for RTDs because its TCR remains fairly linear and
stable over a wide temperature range. A temperature rise
of 900°F = 500°C would thus change the resistance of a
nominal 100 ©Q Pt RTD to 295 Q. The slight nonlinearity
in the TCR versus temperature of Pt is modeled by the Cal-
lendar-Van Dusen equation. When this nonlinearity is taken
in account, laboratory grade Pt RTDs can readily measure
temperatures to an absolute accuracy of 0.01°C. This type
of RTD and this type of nonlinear correction are not used
on the Space Shuttle Orbiter (SSO) instrumentation. The
inherent accuracy of the SSO Pt RTD systems is estimated
to be 2-3°F. The RTD sensors were supplied by Rosemount,
Minneapolis, MN, and by RdF Corporation, Hudson, NH.
Rosemount has since been bought by BF Goodrich Aircraft
Sensors Division. Both vendors supplied parts with serial
number traceability.

Thermocouple (TC) Temperature Sensors

Thermocouple temperature sensors are described in drawing
no. ME449-0204, and two different dash numbers are used.
Type I (dash no. -0001) are chromel-alumel thermocouples,
known in industry as Type-K, and are used to measure tem-
peratures in the range of —250°F to +2300°F. Type II (dash
no. -0002) are platinum alloy (87% Pt, 13% Rh)-platinum
thermocouples, known in industry as Type-R, and are used
to measure temperatures in the range of —65°F to +3000°F.
Both types are welded beads between two wires of the dif-
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ferent materials. The wire diameter is specified to be 0.010”,
which equivalent to #30 gauge. The two wires do not have
any insulation, only short colored tape bands to indicate the
lead polarity; yellow(+)/red(-) for type K; black(+)/red(-)
for type R. The higher temperature capable Type-1I (Type R)
thermocouples are used for all temperature measurements
on the lower outer skin of the wings and fuselage, the outer
surface of the heat tiles. Bond line temperature measure-
ments on the inner side of the heat tiles typically use the
lower temperature capable Type-I (Type K) thermocouples.
The total weight of each sensor is specified to be less than
0.2 ounces, so this will give the thermocouples a thermal
time constant of less than one second. Thermocouples were
supplied by Templine Co., Torrance, CA, and later by Tayco
Engineering, Inc., Long Beach, CA. Both vendors supplied
lot traceable calibration.

Chromel is a 80% Ni, 20% Cr alloy, also commonly known
as nichrome, and has a melting point of 1400°C (2552°F).
Alumel is a 96% Ni, 2% Mn, 2% Al alloy that is produced by
the Hastelloy Company. Its melting point is approximately
the same as for chromel. Both pure platinum and its rho-
dium alloy (87% Pt, 13% Rh) have approximately the same
melting point of 1769°C (3216°F). All of the thermocouple
metals have sufficiently high melting points that they should
not have been destroyed by direct heating of the orbiter dur-
ing re-entry. Each of the materials is also fairly inert so that
chemical reactions with the hot gases impacting on the or-
biter surfaces should not have caused any unusual etching or
corrosion. Failure modes for the thermocouples would more
likely arise from mechanical stresses which either broke the
welds, wires, or splices, or which pinched the leads together
to cause them to short at a location below the weld bead. If
thermocouple wires short together downstream of the weld
bead sensing point, the effect is simply to move the sensing
point to the location of the short. If the short opens at a later
time, the sensing point returns to the original weld bead.

The installation of the thermocouple temperature sensors on
the outer surfaces of the heat tiles is a complex procedure. A
chosen heat tile has an approximately 2” long slot cut into its
center and the thermocouple lead wires are fed through with
a needle such that the thermocouple weld bead lies coinci-
dent with the outer surface. The heat tile is then glazed in its
usual manner, and the glazing seals the slot and encapsulates
the thermocouple weld bead into the outer surface. On the
underside of the heat tile, two small wells are cut into the
tile in which insulated thermocouple extension wire is crimp
spliced, and the two wells are then back filled with RTV-560.
The tile is then mounted onto the orbiter surface in the usual
manner with the two thermocouple extension wires running
along the vehicle bond line, and out from the bottom edge
of the heat tile. An adjacent heat tile is used as the location
where the thermocouple extension wires are fed through
a grommet into the interior of the vehicle. After the wires
have been spliced together, the adjacent heat tile is mounted
in the usual manner to close up the connections. About 127
of thermocouple wire runs directly along the bond line of
the vehicle, sandwiched between the heat tile and the metal
surface paneling. Once inside the vehicle, the thermocouple
extension wire is crimp spliced to the thermocouple refer-
ence junction (TRJ). Although the grommet through the

OcToBER 2003




COLUMBIA

ACCIDENT INVESTIGATION BOARD

metal surface paneling provides a smoothed edge, severe
mechanical trauma to this point could cause the insulation
on the thermocouple extension wire to be cut, shorting the
thermocouple wires to the aluminum metal panel, the grom-
met, or to each other. Another failure mode is through direct
mechanical abrasion or impact to the outer surface of the
heat tile where the thermocouple weld bead is located. Past
flight history on the OV-102 has indicated that these ther-
mocouple installations have been quite robust with no direct
failures from mechanical sources having been reported.

Direct heating of the thermocouple wires will increase their
series resistance, similar to the effects in an RTD; however,
the thermocouple has a low impedance of 25 Q or less which
works into a high impedance bridge circuit. Hence, heating
effects which change the resistance of the wires have an in-
significant effect on the measured reading. Thermocouples
directly measure the temperature difference between two
junctions, the sensing junction and the reference junction.
For this reason, thermocouple extension wires are made of
the same metals as the original wires themselves. The transi-
tion from these special metals to the copper of the wiring
harnesses occurs at the thermocouple reference junction
(TRIJ). The signal voltage that appears between the two cop-
per wires is termed the Seebeck voltage, and it is roughly
proportional to the temperature difference between the two
junctions and the Seebeck coefficient for the thermocouple
pair. For Type K thermocouples, this relationship is fairly
linear over a wide range; however, for Type R thermocou-
ples, the relationship has a significant parabolic bow. Cali-
bration for the Type K thermocouples is essentially first or-
der (linear), while calibration for the Type R thermocouples
is necessarily second order (parabolic). With this level of
calibration, the temperature measurements produced by the
thermocouple systems should have 5-7°F accuracy.

Thermocouple temperature transducers refer to a prepack-
aged thermocouple probe in which a bead-type thermo-
couple junction and its leads are encased in either a stainless
steel or inconel sheath. The interior of the probe is filled
with a MgO insulation. These are described in drawing no.
ME449-0169. Ten different dash numbers are listed and cor-
respond to different probe lengths (12, 20, and 36 inches),
thermocouple types (K or R), sheath material (inconel,
stainless steel, or Pt-Rh alloy), and connector fitting (none,
pipe thread, or strain relief plate with Teflon sleeve). Type
VI covering dash numbers -0008, -0009, and -0010, are as-
semblies with 3, 2, and 1 sheathed probes, respectively. The
probes are collected together into a common connector shell,
and each has pre-attached inconel mounting lugs welded to
the probe sheath. All of the probes are ungrounded. Type
K are specified for +2°F accuracy; type R are specified for
+10°F accuracy. The fast responding types have thermal
time constants of less than 0.1 seconds, while the others
have thermal time constants of less than 5.0 seconds. Sensor
resistance is specified to be less than 25 Q2 with an insula-
tion resistance of greater than 50 MQ. Operating lifetime is
specified to be greater than 5000 hours. These probes appear
to be used rather infrequently in the orbiter and only for a
few single-point specialized applications, such as the TPS
and ambient gas temperature sensing in potentially explo-
sive environments.
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Standard Pressure Sensors

Standard low, medium, and high pressure sensors are de-
scribed in drawing no. ME449-0177. A total of 129 differ-
ent dash numbers are detailed; however, only two of these,
-2101 and -2108 are absolute pressure sensors with a range
of 0-15 psia, of the type that were used for OEX aerody-
namic measurements on the wing outer surfaces. Both of
these are rated as having a 25 psia proof pressure and a 45
psia burst pressure. All of the pressure sensors in this family
are strain-gauge diaphragm types and consist of cylindrical
metal housing with a threaded tubulation to connect to the
pressure sensing port and a multi-pin connector on the other
end from which the strain gauge bridge leads are connected
into the instrumentation wiring harness. The great majority
of all 129 of these sensors are absolute pressure sensors and
have a sealed reference vacuum chamber on one side of the
diaphragm. For a 0-15 psi absolute pressure sensor, the dia-
phragm is maximally deflected at sea level pressure of about
14.7 psi, and then becomes neutral (undeflected) as the abso-
lute pressure drops to zero to match the sealed vacuum refer-
ence chamber. Each of the strain gauge bridges is excited by
a +10.000+0.001 VDC regulated power supply and outputs
a maximum signal of 30 mV at full scale deflection. The
output impedance of the strain gauge bridge is nominally
2000 2. Most of these sensors were manufactured by Sch-
lumberger, Statham Transducer Division, Oxnard, CA.

The pressure measurements recorded in the OEX data were
aerodynamic measurements of absolute pressure on the R
and L wings. The sensors for these measurements were in-
stalled according to six installation drawings: V070-192151,
V070-192146, V070-192145, VO70-192131, V070-192130,
and V070-192134. All of these are 0-15 psia measurements,
except for V070-192146 locations which are 0-16 psia
measurements that are taken by miniature pressure sensors,
described below. The pressure sensing ports were all located
on either the center of a specific heat tile, or within the upper
wing surface FRSI material. The installation of the pressure
ports into the heat tiles was, like the thermocouple instal-
lations, rather complex. Each tile with a pressure measure-
ment had a hole drilled through it and Pyrex or Vycor tube
was press fitted into the tile to provide a sealed bore. The
backside of the tile was milled out to provide a cavity for
sealing the backside of the glass tube to a grommet in the
metal bond-line skin. The tile was mounted using the usual
RTV-560 and a special ring of RTV was created to form the
gasket between the glass tube in the tile and the grommet
in the metal bond line skin. On the inside of the wing metal
skin, a port fitting block was installed into the wing at the
time of the wing’s manufacture that provided a connection
point between the wing grommet and the tubulation of the
pressure sensor that was screwed into the port block. The
ports were arranged typically along constant Y planes of
both wings to provide lateral pressure profiles across the
wing versus time.

Of the 181 total aerodynamic absolute pressure measure-
ments recorded in the MADS/OEX data, 55 of these were
sensors that were known to be bad prior to the launch. These
bad sensors were most likely the result of age and continued
stress on the sealed vacuum reference chamber which would

- OcToBER 2003 521



COLUMBIA

ACCIDENT INVESTIGATION BOARD

introduce first an offset into the data, and later a permanent
OSL condition, since the sensor was designed to measure
diaphragm deflections in only one direction. The specifica-
tions for the pressure sensors note that they only have a 10
year shelf life, and the orbiter was over 22 years old. The
age of the vehicle and the continual one atmosphere of static
pressure against the diaphragm is probably responsible for
the high fraction of these which went bad prior to the launch
of STS-107. Failure modes for absolute pressure sensors are
either a slow, gradual leak rate over time into the reference
vacuum chamber, or a catastrophic leak which may immedi-
ately add a one atmosphere offset to the reading. In all cases,
the sensor reads lower pressures as the reference vacuum
chamber pressure increases due to leaks.

Miniature Pressure Sensors

The miniature pressure sensors are described in drawing no.
ME449-0219. They consist of two types, a Type-I in which
the pressure sensing port lies parallel to the body of the sen-
sor, and a Type-II in which the pressure port is the axial end
of a nozzle coming out of the body. There are 12 dash num-
bers, -0001 through -0006 are 0-15 through 0-20 psia range
sensors of Type-I, and -0007 through -0012 are 0-15 through
0-20 psia range sensors of Type-II, respectively. All of these
devices are excited by a +5.000+0.001 VDC regulated
power supply and produce 15 mV full scale output from
the strain gauge bridge. All four legs of the strain gauge
bridge are contained within the body of the sensor and a
temperature compensation module is also included, usually
within the overall sensor body. These sensors are probably
micromachined silicon strain gauges and diaphragms, due to
their size, and were manufactured by Kulite Semiconductor
Products, Ridgefield, NJ. These miniature pressure sensors
were used mainly for the smaller installation areas within
the FRSI material on the upper surface of each wing. All of
these devices were 0-16 psia range sensors and are shown in
installation drawing no. V070-192146. These devices were
also absolute pressure sensors, so all of the preceding com-
ments on the standard pressure sensors also apply to these.
The Kulite pressure sensors are generally remarked to be
more fragile than the larger Statham types.

Strain Gauge Sensors

The strain gauge sensors are described in drawing no.
ME449-0141, and 40 different dash numbers are used to enu-
merate the many different geometrical permutations that are
used. The strain gauges can be configured as single, double,
or triple sensors, involving two, three, four, or six leads. Sin-
gle devices measure uniaxial strain along only one direction.
Double devices measure either coarse and fine uniaxial strain
along one direction, or more commonly, biaxial strain along
two orthogonal directions. Triple devices, sometimes known
as strain gauge rosettes, have three devices oriented at 0°,
45°, and 90°, through which the two uniaxial strains can be
directly measured, e.g. ¢ _and ¢ , and the in-plane shear strain
can then also be computed from the set of all three readings,
eg T, Double and triple strain gauges can be recognized
by their different measurement system IDs (MSID) having
identical (X, Y, Z) coordinate locations on the vehicle, and
are usually denoted by A,B or A,B,C suffixes.

522 REPORT VOLUME Il -

The strain gauge itself is a thin-film metal serpentine pat-
tern composed of either a nickel or copper alloy. The strain
effectively changes only the geometrical aspect ratio of the
equivalent resistor, not the resistivity of the thin film metal,
so each strain gauge has a gauge factor that is very close to
the theoretical ideal of 2.00, or equivalently, AR/R =2.00%¢.
The great majority of the various dash numbers have a nom-
inal resistance of R = 1000+0.8% Q. The thin film metal
serpentine pattern is printed onto a carrier material of either
glass fiber reinforced epoxy-phenolic resin, or Q or E grades
of polyimide film. Wires from each strain gauge element are
crimp spliced into the instrumentation wiring harnesses and
then run back to the central data acquisition system at which
point they are handled by a special strain gauge signal con-
ditioner (SGSC).

All of the strain gauges are specified to be self-temperature
compensated (STC) types. This means that the strain gauge
is configured for each measurement point so that the entire
bridge circuit is located at the sensing site. Each resistor in
the bridge is constructed in a similar manner and has the
same nominal resistance; thus, each leg of the bridge will
experience close to the same variations in temperature with
resistance. The thin-film metal serpentine resistors will have,
taken by themselves, TCRs in the range of 3500 to 4300 ppm/
°C, similar to most metals. Balancing four of these together
in a bridge reduces the overall TCR of the bridge to typically
a few ppm/°C. The strain gauges are specified to be tempera-
ture compensated to better than 13 ppm/°F, 6 ppm/°F, and 0
ppm/°F. The “0 ppm/°F” is most likely interpreted to mean
less than 0.5 ppm/°F. The Wheatstone bridge resistances are
thus temperature compensated very closely; however, like
any strain gauge, the gauge factor itself is not temperature
compensated. Unlike a silicon resistor strain gauge, the metal
film resistor strain gauges produce a gauge factor that is due
to only geometrical changes rather than a combination of
geometry and resistivity changes that a silicon resistor strain
gauge would respond to. The gauge factor is specified to vary
not more than 0.85% per 100°F over a temperature range of
-200 to +500°F. For a metal film resistor strain gauge, the
gauge factor is extremely temperature independent, and usu-
ally not a significant influence on the measurement. Due to
the high heat that most of these sensors would have experi-
enced during normal operation and during the accident, the
effects of temperature on the strain gauges are of great impor-
tance to understanding and correctly interpreting the sensor
data. The design of the strain gauge sensors appears to have
reduced the temperature sensitivity to a negligible level, and
the output from the strain gauges can safely be interpreted
as actual mechanical strain, as opposed to a combination of
strain and temperature effects on the sensor itself.

In terms of environmental ruggedness and reliability, the
strain gauges are quite hearty. They are specified to have a
shelf life of 5 years, isolation resistances of greater than 300
MQ, specified operation over 10-'° torr to 15 psia, and re-
main capable of indicating strains over the range of 10,000
uin/in (x1% elongation) over their full lifespan. Most mea-
surements are designed to record over a range of +1000 win/
in, and are thus well within the mechanical elasticity of the
strain gauge itself. The specified temperature range for op-
eration is =250 to +350°F. The strain gauges were originally
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procured from Micro-Measurements, Raleigh, NC, but the
vendor was later changed to Vishay, Measurements Group,
Wendell, NC. Gauges are tracked by lot number, and each
is supplied with a calibration curve of apparent strain over a
temperature range of =300 to +500°F and gauge factor versus
temperature over a temperature range of =200 to +500°F.

Piezoelectric and Low Frequency Accelerometers

Piezoelectric accelerometers are described in drawing no.
ME449-0150. Six different dash numbers are described, -
0001 for Type I, up through -0006 for Type VI. Types I, III,
and V are compression types of nominally 2000 pF capaci-
tance, while Types II, IV, and VI are ring shear types with
nominal capacitances of 900 pF, 400 pF, and 770 pF. Types
I, III, and V are packaged as a 5/8” hexagonal body that
mounts on a #10-32 threaded stud. The bodies are roughly an
inch tall. Type II have a 0.600” dia. x 0.350” tall cylindrical
body. Type IV are a smaller 3/8” hexagonal body, and Type
VI are 0.375” dia. x 0.220” tall cylindrical body. Each had
a proprietary Endevco coaxial connector fitted to the body.
The charge sensitivity for each of the six types is 11.5+0.4,
10.5£1.0, 11.5+£0.4, 2.8+0.2, 11.5+0.5, and 3.071+0.180
pC/g at 100 Hz. The frequency response range of each of
the six types is 20-2000, 2-50, 20-2000, 20-2000, 1.5-50,
and 1.5-10 Hz. Transverse sensitivity is typically limited to
2-3% of the primary axis sensitivity. The response is linear
with acceleration to within 1 % error. Each of the six types is
specified to have a shelf life of 5 years and an operating ser-
vice life of at least 2000 hours. These accelerometers were
supplied by Endevco, San Juan Capistrano, CA, and were
supplied with serial number traceability.

Linear, low-frequency accelerometers are described in
drawing no. ME449-0163. Two dash numbers are described,
-0001 and -0002; Type I have a temperature range of —65
to +250°F, and Type II have a temperature range of —400 to
+350°F. The body is a 0.750” hex, 1.000” tall, and mounts
with a 147-28/#10-32 threaded stud. A proprietary coaxial
connector is fitted to one face of the hexagon base. These
devices measure accelerations of 2 to 10 g over a frequency
range of 1.5 to 50 Hz. The capacitance is nominally 1000
pF. Charge sensitivity is 11.5+0.2 pC/g at 50 Hz and an am-
plitude of =10 g at 70+10°F. These accelerometers are also
specified to have a shelf life of 5 years and an operational
service life of at least 2000 hours. These accelerometers
were supplied by Gulton Industries, Inc., Costa Mesa, CA,
and were supplied with serial number traceability.

Both of these accelerometer types are used with a FDM
signal conditioner to supply wide-band data measurements.
Coaxial cable is run all the way from the sensor at its mea-
surement location back to the FDM units which are housed in
midbody bay 8, roughly bottom center in the fuselage, under-
neath the payload bay. These sensors do not share any power
feeds with other sensors since they do not use a DC bias.

Proximity Switches
Proximity switches are described in drawing no. MC452-

0124 and consist of three parts: a target piece, the sensor, and
an electronics unit. The target is a thin piece of high perme-
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ability alloy, usually Hi-Mu 80, Moly Permalloy, or equiva-
lent, typically about 1.0” x 0.5” x 0.05” in size, and mounted
on the moving part of the mechanism whose position is to
be sensed. The sensor is a small metal box with mounting
lugs that contains two legs of a half bridge. The mating half
bridge is contained inside the electronics unit and forms a
reluctance bridge whose balance point is perturbed by the
position of the target relative to the sensor. The electronics
unit contains the mating half bridge, a differential amplifier
which serves as a detector, a trigger and output driver cir-
cuit, a power supply and oscillator to excite the bridge, and
several built-in test equipment (BITE) circuits to verify the
operation of the system. The output is a discrete logic volt-
age, ON = +5.0=x1.0 VDC and OFF = 0.0+0.5 VDC, with
less than 20 us rise and fall times. The electronics unit is
powered by 115 VAC, single phase. The discrete output goes
ON when the target enters the actuation envelope of the sen-
sor, and the discrete output then goes OFF when the target
leaves the deactuation envelope of the sensor. The deactua-
tion envelope surrounds the actuation envelope to produce
hysteresis in the operation of the proximity switch. The two
legs of the bridge inside the sensor, Z and Z , are both in-
ductors, whose mutual inductance is altered by the position
of the target. The operation of this bridge circuit is similar to
a linear variable differential transducer (LVDT).

WIRING
Wires

General purpose insulated electrical wire is described in draw-
ing no. MP571-0086. Ten different dash numbers are listed
which correspond to even wire gauges, -0001 being #26, and
-0010 being #8. The greater majority of the wire used in the
sensor instrumentation is -0002, #24 gauge, and is a strand-
ed wire comprised of 19 strands of #36 gauge nickel plated
copper wire. It is listed as having 30.10 Q per 1000 ft. and
a weight of 2.0 1bs. per 1000 ft. Each wire is wrapped with
two oppositely spun layers of polyimide tape, each 1 mil
thick with 0.1 mil coatings of FEP Teflon resin on both sides
for lubrication during flexure. The outer insulation coating
is 1 mil thick pigmented polyimide resin. For the -0002 #24
gauge wires, the insulation pigment is blue.

Each orbiter contains over 852,000 feet of wire with a weight
of over 5,369 Ibs. The OV-102 instrumentation load was
heavier still, due to the extensive OEX sensor suite that was
installed. Kapton insulation was used primarily because of
its light weight (25% savings over conventional PVC insula-
tion), size (50% smaller with no thick plastic jacket present),
good chemical resistance, and thermal tolerance. However,
Kapton has the disadvantage of being susceptible to split-
ting, cracking, and fraying when handled roughly or abraded.
Most of the wiring damage recorded on the orbiter repair logs
has been due to the wiring insulation getting mashed, cracked
or split, or torn to cause a fault with the internal wires.

Cables

General purpose shielded and jacketed electrical cables are
described in drawing nos. MP572-0310 through MP572-
0316, for 1 to 7 conductors, respectively. Dash numbers
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-0001 through -0006 correspond to wire gauges of #26
through #16, respectively, and match to the same dash num-
bers of the wire used for creating the cable. Each bundle of
wires is wrapped in a braided shield composed of #38 gauge
nickel plated copper strands providing at least 85% cover-
age of the wires contained inside. The shield is then jacketed
with two wraps of oppositely spun polyimide tape, 1 mil
thick with 0.1 mil of FEP Teflon resin on each side to pro-
vide flexure lubrication. Thermocouple extension cables are
created using the same construction practice, except that the
conductor metal is chosen to match that of the thermocouple
being extended. For example, a MP572-0329-0001 thermo-
couple extension cable is the same as a MP572-0311-0002
wiring cable (2 conductor, #24 gauge), except that one of the
wires is copper (MP571-0088-0001) and the other is copper
alloy (MP571-0089-0001).

Cables of this type comprise the greater majority of the
orbiter wiring. The long length runs from the sensors far
out in the orbiter extremities to their signal conditioners in
the central fuselage avionics bays add greatly to this sum.
The RTD temperature sensors each used a shielded three-
wire cable, MP572-0312, while the pressure sensors, strain
gauges, and cables from the remotely placed thermocouple
reference junctions (TRJs) each used a shielded four-wire
cable, MP572-0313.

Splices

All splices are achieved using crimp type sleeves of four
basic types: parallel splices (ME416-0030), butt splices
(ME416-0031), solder sleeves (ME416-0032), and shielded
cable splices (ME416-0034). Two dash numbers are used: -
100X for the crew compartment and equipment bays, which
are blue Kynar, and -200X for general use everywhere else,
which are white Teflon. The shielded cable splices are used
primarily for data buses and firing wires on pyrotechnic
actuators. Installation practices are described in ML0303-
0031 for splice and lug crimping, and in MAO113-304 for
wire stripping.

The crimp sleeves appear to be constructed of a nickel alloy,
and each is insulated with what appears to be a heat shrink-
able polyolefin tubing. Splices are usually left free floating
from the wiring harness with no tie wraps or other mechani-
cal hold downs. Apparently, no solder is used anywhere
within the wiring systems. The melting points of any solder
joints are thus not a concern for the sensor instrumentation.

Connectors, Terminal Boards and Interface Panels

The large number of sensor cables are interconnected via
high density multi-pin connectors, usually grouped together
on specific interface panels which separate structural sec-
tions of the orbiter. The most commonly used are NLS
connectors and are used for high density interconnections
of 6, 13, 22, 37, 55, 66, 79, 100, or 128 contacts. These are
described in NASA MSFC specification 40M38277. These
are rated for use over the temperature range of —150°C to
+200°C, although the hermetically sealed versions are de-
rated to —100°C to +150°C. These connectors are circular,
bayonet coupled, and designed for low outgassing. All of
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the contacts are size 22D. Smaller numbers of connections,
from 3 to 61, with contacts of sizes 12 to 20, are handled by
the NB connectors, described in 40M39569. A special ver-
sion of these, the NBS connectors, have 2, 3, or 4 contacts,
are used for pyrotechnic firing circuits, and are described
in 40M38298. Another special version, the NC connectors,
described in 40M38294, are used on cryogenic systems. All
of these connectors have the same temperature ratings as the
NLS connectors. Bayonet couplings are typically used for
signals, while threaded couplings are used for power. Typi-
cal power connectors are described in drawing nos. ME414-
0234 (receptacles) and ME414-0235 (plugs).

Grounding straps are used to interconnect frame compo-
nents together into a low impedance ground network at most
junctions between panels. This is achieved with uninsulated
braid between crimped frame lugs. The Koropon paint is
scraped away below each ground lug and a self-tapping
screw is used to bite into the aluminum frame components.
Each grounding lug is then coated with RTV-560 to exclude
corrosion agents. Central point grounding is achieved
though a network of terminal boards where ground leads
and cable shields are collected. The terminal boards are
described in drawing nos. ME417-0010, -0013, -0014, and
-0015.

Multiple bulkhead mounted connectors are collected into
interface panels between structural sections of the orbiter.
The two most relevant ones are the LH wing interface panel
#65, and the LH wheel well interface panel #67. Inside the
LH wing box, panel #65 has 14 connectors feeding 5 cable
harnesses, four running aft and one running forward. The
harnesses are composed primarily of sensor instrumentation
on the following connectors: run#l aft: 65P107, 65P101,
65P113, and 65P115; run#2 aft: 65P123 and 65P121 (a
dummy); run#3 aft: 65P109, 65P115, 65P119, 65P117, and
65P143; run#4 aft: 65P107, 65P141, 65P105, 65P103, and
65P111; and run#1 forward; 65P105 and 65P111. Inside
the LH wheel well, panel #67 has 18 connectors feeding a
large number of short harnesses that service the LH wheel
hydraulic system. Panel #67 connectors include: P1, P3, PS5,
P7, P9, P11, P13, P15, P17, P19, P57, P63, P65, P79, P85,
P87, and P89.

The insulating resin materials used in most mil-spec con-
nectors, usually phenolics, provide good stability up to
temperatures of 450-500°F, and sometimes higher. The in-
sulating material and the connector pins are both protected
by metal shells, making the electrical integrity of the con-
nector typically much higher than that of its cable. Indeed,
many electrical connectors were found in the orbiter ground
debris, and most were still functional with the internal con-
nectors intact.

Harnesses, Installation and Routing

Wires and cables are grouped together in a parallel lay
fashion (without twisting or braiding) and bundled together
into harnesses with spot ties. This is described in specifica-
tions MLO303-0013 and MLO303-0014. The spot ties are
a waxed, woven lacing material that is hand tied around the
harness bundle at each point and the ends clipped off short.
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The harnesses are secured to the vehicle frame by PTFE
Teflon tape, PTFE Teflon adhesive sheet, or TFE Teflon
tape. Convoluted tubing and rubber extrusions are used to
provide protection of the harnesses around sharp edges and
turns. Harnesses involving only a few wires or cables are
typically held in place with Teflon tape which is sometimes
strengthened with a layer of red RTV-560. The heavy har-
nesses on OV-102 that contained hundreds of sensor wires
were supported by metal cable clamps with rubber linings of
up to a few inches in diameter. Close-out photographs of the
wing box interior show this construction clearly.

Probable high temperature failure modes for the harness ma-
terials are release of the adhesive tapes, allowing the harness
itself to wander, or burn-through of the spot ties, allowing
individual wires or cables to move about. The metal cable
clamps used on the more extensive sensor wiring of OV-102
should have in principle provided better high temperature
survivability than the tape and string approach used in the
later model orbiters.

Cable Burn Through Patterns

Analysis by the NASA Columbia Task Force (CTF) iden-
tified the failure mechanisms of many sensors as being a
“propagating soft short,” that is essentially a zone of insula-
tion breakdown between two conductors of the cable that
expands in both directions along its length, traveling away
from the heat source along the temperature gradient caused
by the thermal conductivity of the wires. Blow torch and
oven testing of sample cable bundles showed that the con-
ductor-to-conductor insulation resistance began to fall when
the cable temperature rose to 1000°F, and then fell precipi-
tously when the cable temperature rose to 1200°F. This test-
ing also showed that shorting between conductors as a result
of oven or torch heating was much more prevalent than the
creation of open circuits. This is no great surprise since the
melting point for the copper conductors is 1980°F, almost
1000°F higher, as would be required to simply melt away
a conductor to create an open circuit. Most organic insula-
tion materials degrade at elevated temperatures by reaction
with available oxygen, and ultimately this leads to a black,
carbonized composition which can become somewhat con-
ductive and lead to gradual shorting of adjacent conductors.
Simple heating, taken by itself, is generally far less of a deg-
radation mechanism than the chemical reactions which can
be brought into play by the available reactive compounds in
the presence of that same heat.

It should be noted that the initial CTF cable testing was
performed with a blow torch in air at atmospheric pres-
sure (nominally 14.7 psia at sea level), and at the time for
which the wiring in the orbiter appeared to be damaged, the
atmospheric pressure surrounding the orbiter was just rising
to less than 0.5 psia. With much less available oxygen, the
degradation mechanism of the cables was undoubtedly dif-
ferent from what these sea-level blow torch tests attempted
to reproduce. A reduced oxygen environment would tend
to restrict the rate of the chemical process and extend the
degradation time of a given cable. Some sensors exhibited
decay times to off-scale low (OSL) that were over 200 sec-
onds long, and this rather long time could possibly be caused
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by a restricted oxygen concentration. On the other hand, the
momentum transfer of the impacting hot gas stream within
the wing box could have acted to accelerate the breakdown
of the insulation by direct mechanical erosion, somewhat
counteracting the rate limiting by available oxygen. While
the blow torch tests do produce some gas velocity, this is
only a meager subsonic flow caused by the combustion
pressure, and no where near the Mach 15-20 speeds of the
air molecules impacting against the leading surfaces of the
orbiter. The subsequent arc-jet testing of the cable harnesses
much more closely approximated the conditions on the
orbiter, although the arc-jet testing was still performed at
atmospheric pressure.

Many of the sensor data, particularly those from the OEX/
MADS recorder, also showed significant chatter and erratic
readings, in many cases transitioning between off-scale high
(OSH) and off-scale low (OSL) over an extended period.
It was suggested that this might be caused by the hot gases
entering the wing box having some degree of ionization, and
the impact of these charged ions against the bare or partially
insulated cables might create a significant electric current
which would saturate the sensitive input amplifiers of the
signal conditioners. However, Fig. 4.12 on p. 114 of W. L.
Hankley, Re-Entry Aerodynamics, AIAA Education Series,
1988, shows that at an altitude of 200,000 ft and a velocity
of 15,000 ft/sec, oxygen is well over 90% dissociated, nitro-
gen is slightly less than 10% dissociated, and the overall de-
gree of ionization is less than a few percent at most. Hence,
ionization related effects such as conductor charging are not
likely to be very substantive under these conditions.

What is of perhaps greater importance, is the noted high
fraction of dissociated oxygen. Free monoatomic oxygen
(O) is an extremely reactive species, far more combustive
and reactive than molecular oxygen (O,). It is very prob-
able that the monoatomic oxygen would cause a much
faster degradation of the Kapton insulation for a given tem-
perature, or equivalently, would produce the same damage
at much lower temperature. The drastically increased ero-
sion rates of Kapton insulation by monoatomic oxygen are
well documented, and were first studied in detail following
shuttle mission STS-03 (L. J. Leger, AIAA paper no. AIAA-
83-0073, 1983). Typical erosion rates for a low Earth orbit
(LEO) environment are 0.01-0.09 x 107> cm?® per incident
oxygen atom for aluminum coated Kapton. The best data on
monoatomic oxygen exposure is probably that taken from
the NASA long duration exposure facility (LDEF) which
spent 5.8 years in LEO and which was retrieved in 1990.

Thus, there is great deal of uncertainty about the specific con-
ditions within the wing box that surrounded the burn through
of the sensor cabling. In particular, one important question
is the degree to which the incoming hot gas was focused
into a directional jet, broadly dispersed, or somewhere in
between. Some conditions could be pointed to as ones which
would increase the burn through time, while there are others
that would just as easily have shortened it. The particulars
of where a specific cable resided within the harness would
also have a significant effect on its burn through speed,
with those directly exposed on the periphery going quickly
and those concealed within the center holding out for lon-

- OcToBER 2003 525



COLUMBIA

ACCIDENT INVESTIGATION BOARD

ger. While the sensor instrumentation system of the orbiter
provides an extremely precise time referenced recording of
the electrical anomalies, there still exists quite a bit of time
uncertainty associated with the physical events which may
have prompted the electrical ones when a cabling fault is at
cause. A sensor reading may show a wire burn through signa-
ture that abruptly transitions to an off-scale limit at a clearly
delineated moment in time, but the burn through process of
that particular pair of wires could have begun anywhere from
2 to 200 seconds prior, to cite the extremes.

Nonetheless, with the degradation temperature of Kapton in-
sulation in the range of 1000 to 1200°F and the melting point
of copper at 1980°F, the failure mode of a cable will involve
first a loss of insulation resistance and then a loss of conduc-
tor integrity. Simply put, a cable that is subjected to heating
or combustion should first develop short circuits between
the conductors at roughly 1000°F, and then open circuits
only after the individual conductors melt away at roughly
2000°F. This ordering of “shorts before opens” is also true
for a bundle of wires that is mechanically mashed, torn, or
sheared, and one of the largely unwritten rules of electrical
engineering. Temperatures of only 1000-1200°F are all that
is required to produce shorting cable faults, and these would
be largely indistinguishable from purely mechanical insults
which would produce the same electrical effects. So why is
there the nearly universal presumption that all of the sensor
cables burned through, rather than being mechanically torn
apart? For many the justification is quite clear, since there
was a temperature sensor in the immediate vicinity which
recorded rapidly increasing temperatures. This was clearly
the case for the four key sensors behind the damaged leading
edge area of the left wing.

Wiring Faults and Failure Modes
for Bridge Type Transducers

One of the most distinctive features of the instrumentation
vintage used on the space shuttle orbiters is the prevalent
use of Wheatstone bridge transducer circuits. A four-resis-
tor Wheatstone bridge is used with each pressure sensor,
with each strain gauge, with each thermocouple reference
junction, and with each RTD temperature sensor. In the case
of the pressure sensors and strain gauges, all four legs of
the bridge are within the sensor itself. The thermocouple
reference junction contains all four legs of the bridge to
which the thermocouple Seebeck voltage is added. The RTD
temperature sensors are one leg of a bridge and the remain-
ing three legs are contained in the bridge completion circuit
which is part of the central data acquisition system.

The four resistor legs of a Wheatstone bridge form a square,
and the bridge is excited by a DC voltage that is applied
across two opposite corners of the square, labeled EXC+ and
EXC-. The signal output from the bridge is taken from the
other two opposite corners of the square and labeled SIG+
and SIG-. Any bundle of N independent wires will produce
N possible open circuit and (N — 1)! possible short circuit
single wiring faults. Discounting the shield, the four wire
cables used for most of the bridge type transducers create
4 open circuit and 6 short circuit single wiring faults. Mul-
tiple wiring faults, those involving multiple combinations of
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shorts and opens, are increasingly complicated to diagnose,
but by in large, most cable faults begin with a single wiring
fault and then progress from there.

When the resistance ratios on both sides of the bridge are
equal, the SIG+ and SIG- nodes will be at the same potential,
and the difference between these two nodes, which is what is
measured by each of the various signal conditioners, is zero.
The physical quantity that each sensor measures causes a de-
viation away from this balanced condition of the bridge and
a difference in potential is produced between the SIG+ and
SIG- nodes, which is amplified by the signal conditioners
and passed on for digital processing, recording, and transmis-
sion by the remainder of the instrumentation avionics.

Various wiring faults can create specific trends in the record-
ed data, depending upon how the specific signal conditioner
reacts to them. For example, if the EXC+ wire happens to
short to the SIG+ wire, the SIG+ node is immediately pulled
up to the positive DC power supply voltage and the large
positive difference between the SIG+ and SIG- nodes cre-
ates an off-scale high (OSH) output, essentially saturating at
the highest possible value within the input range of the signal
conditioner. Similarly, shorting the EXC- wire to the SIG-
wire would pull the SIG- node down to the negative power
supply voltage and produce the same effect of an OSH. The
opposite pairings of a short between EXC+ and SIG- and
between EXC- and SIG+ would both produce the opposite
off-scale low (OSL) reading from the signal conditioner.
These four shorts between adjacent wires of the Wheatstone
bridge produce the same patterns of OSH and OSL for all of
the different signal conditioners, since the voltages remain
well-defined on all four nodes of the bridge.

A symmetrical short between the SIG+ and SIG- nodes
clearly produces zero potential difference between the
nodes, but this does not necessarily produce a zero reading
for the sensor. If the 4-wire cable went to a strain gauge sig-
nal conditioner (SGSC), then the input differential amplifier
of this unit would have an input of zero and the output would
be taken to the level set by the adjusted offset level of the
differential amplifier. Each SGSC has a potentiometer screw
adjustment to zero out its own offset against that of its sen-
sor, but when the input is shorted, only the adjusted offset of
the differential amplifier remains. The recorded output of the
shorted sensor is then just the offset level of the differential
amplifier, which can be quite some distance away from zero.
However, for other signal conditioners, most notably those
in the MADS PCM units, to be described shortly, there is no
offset adjustment on the differential amplifier and for them,
a shorted input creates a off-scale low (OSL) condition, due
to the required bias currents of the differential amplifier be-
ing no longer supplied by the sensor.

The situation for open circuit wiring faults is more complex
still and highly dependent upon the particular characteristics
of the differential amplifier of the signal conditioner. When
an open circuit occurs, that particular node then floats and
the potential that it comes to rest at depends upon the result-
ing voltage division between whatever internal components
are left on the high impedance nodes of the differential
amplifier. Without detailed knowledge about the input dif-
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ferential amplifier of each signal conditioner, it is nearly
impossible to determine with certainty what will happen to
the resulting sensor reading. The NASA CTF performed a
matrix of tests on each of the sensor types and their possible
configurations to determine what would happen for each of
the possible single wiring faults. The results ended up being
quite different for the different types of signal conditioners
and sensor configurations.

Interestingly, the rather important case of a short between
EXC+ and EXC- was omitted for all but the thermocouple
reference junction (TRJ). For the TRJ, a short between EXC+
and EXC- resulted in simply an offset output, since for the
thermocouple, turning off the TRJ simply feeds the un-refer-
enced Seebeck voltage directly to the differential amplifier
input. The importance of the case of a EXC+ to EXC- short
is that it is central to the common coupling that can exist
between several sensors that are each fed by a single DC
power supply, as will be discussed later. The design of the
instrumentation suggests that the response to a short between
EXC+ and EXC- will also vary with the type of signal condi-
tioner and sensor configuration. The lack of complete testing
of this wiring fault makes the arguments regarding power
supply coupling between simultaneously failing sensors
somewhat less conclusive, but certainly not invalid.

One important conclusion from the analysis of the wiring
faults for these bridge circuit transducers is that a short cir-
cuit can produce any of the three most often seen failure sig-
natures, a jump to OSH, a jump to OSL, or a simple jump up
or down to the offset level adjustment of the differential am-
plifier of the signal conditioner, depending upon which spe-
cific pair of wires the short circuit connects. The converse of
this is also true, if a sensor reading shows none of the above
failure tends, then none of the possible 4 opens or 6 shorts
could have occurred. All wiring faults create an abrupt and
clearly defined jump in the associated sensor reading.

DATA ACQUISITION
Block Diagram Overview of Instrumentation Avionics

The orbiter flight instrumentation (OFI) is designed to moni-
tor those sensors and systems which are involved with the
real-time operational command of the vehicle and its mis-
sion. The OFI system collects the analog signals from a vari-
ety of physical sensors as well as digital logic signals which
give the status of various vehicle functions. This diversity of
input signals is put into a common format by the dedicated
signal conditioners (DSCs) which are distributed throughout
the vehicle’s fuselage. Some sensors require more special-
ized signal conditioning, such as the strain gauges, and
strain gauge signal conditioners (SGSCs) are also distributed
within the vehicle avionics bays to accomplish this. The con-
ditioned signals from the DSC and SGSC units are collected
by seven multiplexer-demultiplexers (MDMs) which per-
form analog-to-digital conversion, buffer the converted data,
and respond to transactions on the orbiter instrumentation
(OI) data bus. The MDMs can also route commands from
the OI bus to various subsystems in the vehicle. All of the
OFI data is centrally handled by the pulse-code-modulation
master unit (PCMMU), which converts the raw binary data
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into a digital pulse code modulated (PCM) format, and com-
bines and organizes the digital data from all of the sensors
into a one-second long major data frame, using time division
multiplexing (TDM). Time stamps generated by the master
timing unit (MTU) are also added to each data frame by the
PCMMU. The network signal processor (NSP) routes the
data frame to either the S-band or Ku-band communications
transceivers for transmission back to the mission control
center (MCC) back on the ground, or to a reel-to-reel tape
recorder for permanent storage. The communications trans-
ceivers also receive commands from the MCC on the ground
and pass them to the general purpose computers (GPCs) on
the orbiter for processing and execution. A simplified block
diagram of the OFI system is shown in Figure 1.
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Figure 1. Operational Flight Instrumentation (OFI).

The modular auxiliary data system (MADS) is a supple-
mental instrumentation system that gathers vehicle flight
data for processing after the mission is completed. Sensor
inputs to the MADS system are almost exclusively physical
sensor readings of temperature, pressure, mechanical strain,
acceleration, or vibration. Sensors whose outputs vary
comparatively slowly with time, such as temperature, pres-
sure, and strain, are first signal conditioned by either ther-
mocouple reference junctions (TRJs), strain gauge signal
conditioners (SGSCs), or by the input circuits of one of the
three pulse-code modulation (PCM) units. The PCM units
perform analogous functions to what the MDMs and PC-
MMU do for the OFI system, performing analog-to-digital
conversion of each sensor input, converting the raw binary
data to pulse code modulation format, and combining all of
the sensor readings into a time-stamped time-division-mul-
tiplexed frame of data. Sensors whose outputs vary rapidly
with time, such as acceleration and vibration, are signal
conditioned by wide band signal conditioners (WBSGs),
and their data is collected by one of two frequency division
multiplexers (FDMs). The FDMs modulate each input chan-
nel at different frequencies to combine the data into a single
high-bandwidth track. Finally, the outputs from the three
PCMs and two FDMs are routed to the appropriate tracks on
a reel-to-reel tape recorder for playback once the vehicle is
back on the ground. The MADS system is itself controlled
by commands sent to it through the OFI system.
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The orbiter experiment instrumentation (OEX) is an expand-
ed suite of sensors for the MADS that was installed on the
Columbia expressly for the purpose of engineering develop-
ment. Since the Columbia was the first space shuttle orbiter
to be launched, the engineering teams needed a means to
gather more detailed flight data to validate their calculations
of the conditions that the vehicle would experience during
the critical flight phases of the mission. The voluminous data
generated by the OEX suite required the installation of a par-
ticularly high capacity reel-to-reel tape recorder, known as
the OEX recorder. The three flight phases of ascent, de-orbit,
and re-entry are each recorded on chosen tracks of the OEX
recorder. A simplified block diagram of the MADS/OEX
system is shown in Figure 2.
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Figure 2. Modular Auxiliary Data System (MADS) and Orbiter
Experimental Instrumentation (OEX).

Dedicated Signal Conditioners (DSC)

Fourteen DSC units were on Columbia, two for each of the
seven multiplexer-demultiplexer (MDM) units, and all lo-
cated within the fuselage. These were designated as follows:
OF1, OF2, and OF3 were located in forward bays 1, 2, and 3,
respectively. OF4 was a half-box located forward to support
the Reaction Control System (RCS). OM1, OM2, and OM3
were located mid-body. OA1, OA2, and OA3 were located
in aft bays 4, 5, and 6. OL1 and OL2 were both half boxes
supporting the left Orbital Maneuvering System (OMS), and
OR1 and OR2 were similarly half boxes supporting the right
OMS. The DSC units could be configured with a variety
of plug-in boards to support the measurements that they
handled. The DSC units provided the majority of the front-
end sensor signal conditioning for the OFI systems, serving
much the same role as what the PCM units played for the
OEX/MADS systems.

Each DSC consists of a chassis-mother interconnect board
(CMIB) or backplane, which is described in drawing no.
MC476-0147, a power supply module, a built-in test equip-
ment (BITE) module, and up to 10, 15, or 30 plug-in cards
that handle 3 or 4 measurement channels, each with a com-
mon power supply for the amplifiers and transducer excita-
tion. The various types of plug-in cards include: a 3-channel
pulse to DC converter for variable pulse rate transducers,
a 4-channel resistance to DC converter for temperature
transducers, a 4-channel AC to DC converter for AC signal
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transducers, a 4-channel discrete AC voltage converter for
AC event voltages, a 4-channel 5 VDC discrete buffer for
DC event voltages, a 4-channel DC amplifier-buffer-attenu-
ator for internal DC signal transducers (such as potentiom-
eters), and a 4-channel DC amplifier-buffer-attenuator for
external DC signal transducers. The overall organization of
the DSC units is best described in the Space Shuttle Systems
Handbook, Section 17 (Instrumentation), drawing no. 17.1.
The “channelization” of a particular measurement refers to
which channel of a particular plug-in card, which card of the
DSC, and which DSC through which a certain measurement
is routed.

Strain Gauge Signal Conditioners (SGSC)

The Strain Gauge Signal Conditioners (SGSC) are described
in drawing no. MC476-0134, and were manufactured by
Rockwell International Space Division. The SGSCs are used
in both the OFI and MADS/OEX instrumentation systems.
There are 47 different dash numbers corresponding to dif-
ferent nominal bridge resistances (350 €2 or 1000 ), bridge
types (full or half), excitation voltage (+10 VDC or +20
VDC), and gain range. Gain ranges vary from 10-50 up to
150-625. Each unit operates on +28 VDC power, and returns
a conditioned signal in the range of 0 to +5 Volts. Typically,
four strain gauge channels are combined into a single unit
with a common power supply feed and overall dimensions
of 3.000” wide x 3.500” long x 1.620” high. Each channel
has potentiometer adjustments for gain, coarse offset, and
fine offset. For half-bridge strain gauges, the remaining two
resistors (R3 and R4) are contained within the SGSC along
with a differential amplifier. For full-bridge strain gauges,
the SGSC contains only the differential amplifier. A quarter-
bridge system was also added in which the SGSC contains
the three resistors (R1, R2, & R3) for the Bridge Comple-
tion Network (BCN) and the differential amplifier. Quarter-
bridge strain gauges are set up with three leads (signal high,
signal low, and power low) to balance the voltage drop of
the excitation return current. The frequency response of the
differential amplifier is flat from DC to 7 kHz and rolls off
at —40 dB/decade, although only a 50-200 Hz —3 dB band-
width is required for the application. Typical input signals
range from 8 to 500 mV. Input impedance to the differential
amplifier is specified to be greater than 9000 €, with an
output impedance of less than 500 Q. The Common-Mode
Rejection Ratio (CMRR) is specified to be at least 70 dB at
a voltage gain of 20 and at least 90 dB at a voltage gain of
200. Electrical isolation is specified to be at least 50 M2 for
power to signal and for circuit to case. Overall linearity, re-
peatability, and hysteresis is specified to be better than 0.1%
from the best straight line. The specified minimum operating
life of the SGSC is 5000 hours.

Inside each SGSC is a regulated power supply on a printed
circuit board (#600356) that takes the +28 VDC input,
passes it through an EMI filter, then a preregulator module,
and then a DC-to-DC (buck) converter to provide a raw
stepped-down DC voltage for two different linear regula-
tors. One of these linear regulators provides the DC power
supply for each of the four-channel differential amplifiers,
and the other provides the DC excitation voltage for the
strain gauge bridges. The preregulator module 