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ABSTRACT

On October 10, 1 995, the Galileo spacecraft executed a sequence to record two
approach images of Jupiter on the spacecraft’ s tape recorder, rewind the tape, and play
back the images at the appropriate data rate consistent with the downlink performance
The recording of the images was performed and the spacecraft computer commanded the
tape recorder to rewind the tape to the beginning of the first image. The rewind
command was started at the proper time but the tape never got to the beginning of the
image data, The analyses and tests that followed allowed a conclusive determination of
the failure mechanism and indicated a strategy that could be used to prevent the untimely
demise of the mission.

INTRODLJCTION

The Galileo spacecraft’s mission is to drop a probe into the atmosphere of Jupiter
and then tour the Jovian system for two years with an encounter of a moon every one to
two months. The data will provide information on the system and the individual moons
structure, composition, and environments. The spacecraft was launched from Kennedy
Space Center aboard the Space Shuttle on October 18, 1989. Galileo’s trgjectory
involved a gravity assist from Venus and two gravity assists from Earth. Galileo released
its Jupiter atmospheric probe on July 13, 1995 for a ballistic trajectory to the giant planet.

2 The spacecraft reached its
Z‘Giﬁ destination at Jupiter on
' / December 7, 1995 and the
“N/AGNETOMETER atmospherlc prObe entered

SENSORS .

Jupiter’s atmosphere exactly as

planned. The data from the probe
T AOPROP LS O MOBULE was recorded on the spacecraft’s
ABOVE SPuN SECTION _ digital data tape recorder and has
BELOW' DESPUN SECTION all been returned to Earth for

LOW-GAIN

ANTENNA\ HIGH-GAIN ANTENNA

(COMMUNICATIONS AND _ 53,:“"
RADIO SCIENCE) &

U OAIN study, The spacecraft is currently
FROEE | NSoAN piarronu approaching another moon for its
\ ANTENNA  ‘JuPITER . e
RADIOISOTOPE ATMOSPHERE next encounter and significant
THERMOELECTRIC PROBE
GENERATORS (RTG) data return.
Figure 1. ‘I'he Galileo spacecraft

Galileo Spacecraft Configuration (Figure 1) is a spin stabilized



spacecraft with seven tields and particles instruments and fourimaging instiuments
There are two antennas in the high gain antenna assembly, the high gaindishand al. ..
gain planar antenna The second low gain antenna seen in the tigure was only deplo .
for use during the first fiv ¢ years of the mission and isno longer usable tor
communications, The piimary transmission source for returning the science datato arth
was designed to be the High Gain Antenna (I-IGA) which was capable of transmission
rates up to 134 kilobits-per-second (kbps). Some of the science data rates from the
instruments reach 806 kbps which is too high for theHGA. To handle this data rate and
serve as a back-up for out of sight encounters, a tape recorder capable ot record rates up
to 806.4 kbps was incorporated into the spacecraft design. There are several operating
modes for the tape recorder at different data rates from 7,6S kbps to 806.4 kbps. The
different data rate modes iniclude different combinations of the various science
instruments. The lowest data rate for recording and playback on the tape recorder is 7. 68
kbps and this mode does not include any imaging science. 'I'o obtain imaging science
data the recorder must be vperated at a higher data rate than 768 kbps.

On April 11, 1991, the Galileo spacecraft’s High Gain Antenna failed to deploy
properly which had serious mission implicatiohsThe only remaining data downlink
was the Low Gain Antenna (I.GA). This antenna' s downlink data rate performance was
only 10 bps at Jupiter, With the slowest data rate from the instruments (no images) ot’
7,68 kbps, the data could not be sent over thel.GA The solution to this problem seemed
to be the tape recorder, The data from a single encounter could be recorded onto the
recorder and played back slow enough that the l.GA link could be used to return the data.
The quantity of science datafrom a single encounter is enough to fill up all of the space
on the tape. This approach has the limitation that a complete return of the data from a
full tape recorder would take over three years. This time frame is inconsistent with the
need to dump the entire recorder between each encounter: one to two months

From October, 1991 through February,1992, a JPL.tcam worked on develop:ugy
options to solve the data i cturn problem with the HGA unusable, The total strategy
developed by thistcam consisted of adding compression, editing, and encoding softw are
to the spacecraft and arraying the ground based Decp Space Neiwork antennas to obtain a
higher signal to noise ratio. The software added to the spacecraft was installed in the
main computer as well as some of’ the instruments computers, Science data during an
encounter will be recorded onto the tape recorder, played back from the recorder,
modified, and sent through the LGA to Earth. This total strategy reduced the downlink
time for a full tape from over three years to just around two months. The mission was
possible again with the caveat that the tape recorderwent trom being a backup piece of
hardware to amission critical item.

The Rewind Anomalyaad Telemetry Description
On October 11, 1995, the spacecraft recorded two approach images of Jupiter on

the beginning of the tape and then attempted to rewind the tape tor playback ot the
images, The telemetry from the spacecraft indicated that the tape never reached the



beginning while the motor was running at the proper speed for severa hours. The
rewind operation should only have taken 26 seconds to complete. It the motor was
running the wrong direction, the end of tape should have been reached within five
minutes. At this time, Galileo was only two months from Jupiter arrival and the return of
the atmospheric probe data. Since the atmospheric probe data was ot the highest priority
and the tape recorder was required for complete data return, the rewind anomaly had to
be understood and a solution determined in time for the December 7 arrival at the giant
planet.

There are four types of telemetry provided from the tape recorder, These four
are:
1, Motor current
2. Tape position
3. Presence of servo lock
4. Beginning of tape/End of tape (BO1/EOT)

The motor current telemetry provides a Data Number (DN) that is proportional to
the current drawn by the tape drive motor. Since the motor is a brushless dc type, the
current is proportional to the torque load on the motor.

The tape recorder provides pulses, or tics, while its motor is running that are
proportional to the length of tape passed through the drive mechanism. These are
incremental tics from the tape recorder itself. The incremental tics are summed up in the
spacecraft computer and a*“tic count” number is generated for tape position telemetry.
This telemetry should always be between 200 and 7183 representing the beginning and
end of the tape, respectively.

When the tape drive mechanism is operating, it is very important that the speed of
the tape be maintained accurately. The drive motor has a rotor encoder that provides
speed data for the tape drive mechanism’s servo control loop. When the recorder is
operating in the slew or record modes, the encoder is used as the speed sensor and the
control loop is closed around it. When the recorder isin the playback mode, the actual
recorded data is used by the servo control loop to determine the tape speed. When the
control loop has obtained a speed error signal within certain limits, a servo lock indicator
in the recorder’ s telemetry changes state to indicate the servo “lock-up”.

The ends of the tape in the recorder have clear sections that are sensed by a
photoelectric device. This device outputs a hi-level signal indicating that the tape has
reached the end of travel, The tape recorder has internal circuitry that detects the
presence of an end of tape indicator. If an indicator is detected, the circuitry stops the
tape drive immediately and reverses the tape direction if appropriate, The machine's
internal circuitry will only accept commands that move the tape away from the end ot
travel. The presence of an end of tape indicator is provided through the recorder’s
telemetry outputs.



Figure 2 shows the motor current telemetry received during the rew indanouniz.,
The expected nominal motor current for the tape position an:i speed at the tume was: ou
DN which was right in the center of the data. This telemetry did not indicate that a
problem had occurred. A stalled motor would saturate the current telemetry signal s..ice
its dynamic range is 255 DN (the equivalent stall value wouldbe 738 DN) Figure ;
shows the tape position telemetry decrementing and then rolling over to the maximum
value to continue decrementing. The large gaps correspond to missing groups of
telemetry data. The rolling over of the count indicates that the datais going beyond the
allowable limits for this telemetry. Using the tape position telemetry to determine the
motor speed yields the result that the motor was running at exactly the commanded spced
of 806.4 kbps. Since the rewind command uses a slew mode tor the recorder, the ser u
lock telemetry as well asthe tape speed are determined from thie motor rotor encode:
The servo lock telemetry 1idicated that the motor was i lock 1o the commanded specd.
‘I"he fourth telemetry, BO'I/EOT, never indicated that cither cad of the tape had been
reached.

TAPE RECORDER MECHANICAL DESIGN

The tape recorder used on the Galileo spacecraft is an Odetics, Incorporated Mode!
3100. This type of recorder uses AMPEX type 799 one-quarter inch wide tape, The tape
is constructed of a polyethylene terephthalate base film (Mylar), gamma ferric oxide in a
polyester urethane binder, and abackcoat of carbon black in a polyester urethane binder.
The backcoat materials were selected to provide a good friction surface for driving the
tape as well as a conductive surface to minimize the generation of static charge from the
motion of the tape, The pulyester urethane binder is produced trom the combination st
carboxylic acid and an alcohol.”T his process produces esters und water and the react.on
is reversible, Since the reaction is reversible, there are always some unreacted
components present in anysample of tape, corresponding to the equilibrium quantities
for the temperature and huinidity level within the tape  The weneration of the alcohol and
carboxylic acid is known us hydrolysis and these hydrolysis products are sticky (thisis
the technology behind the licking of a postage stamp to “activate” the adhesive). ' in
the 1960’ s it was learned that all tape recorders had to be run in an atmosphere with «
certain humidity level to prevent the generation ot huge static discharges in the machine.
The ideal humidity level was deter-mined to be between 30°/0 and 50% tor the
temperatures that tape recorders were operated ") This humidity level has a
corresponding concentration of hydrolysis products within the tape. These products
remain suspended in the t:pe and do not present a threat to proper operation ot the
recorder. Because ot the Acquirement to maintain a certain level of humidity around the
tape in arecorder, all Odetics recorders are sealed with a 30% to 40% relative humidity
atmosphere of nitrogen and helium. ™



Figure 2.
Motor Current Telemetry vs. Time
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Figure 3.
Tape Position vs. Time
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The tape is wound onto two reels that are stacked on top of each other and counter-
rotate to minimize the uncompensated momentum that is injected into the spacecraft.



The tape is wound onto two reels that are stacked on top ot eachiotiwt tuat ot ..
rotate to minimize the un. ompensated momentum that is::. . cied into the spacect «.
Figure 4 is an outline dra..ingof the tape path in the relhelwircles with nui. -
in them represent rollers ... capstans that controlthe tape oo it e oo ugpesboire
tape exits and wraps aroundroller #1. The path then takes the tape throughthe "B .
Block” which houses the photoel ectric sensors for detecting [he beginning ot the tape
Roller #2 istilted relative to the axes of the reels and lowers the tape half of the distance
to the lower reel. Rollers 3 and 5 guide the tape to the tirst capstan, #4.The tape then
passes over a play back head, roller #6, and another playback head. The sccondcay: i
inthe drive systems the apex capstan at locatioirs /. The sie <t two heads in the put. are
the record heads with roller #8 in between. The third and 1.i:al capstan in the drive
system is #10 Roller #9 performs the same function as roiler #4 and mannains the . . ue
wrap angle around capsta.. # 10 Roller #1 positons thic e o »o it can be lowered |
remaining distance to entur the lower reel by tilt roller# 12 i'he tape then passes through
the EOT block (saine asii.« BOT blockbut detects the enu ot the tape), over the
“dummy” erase head, around roller # 13, and onio the lowei reel. Fron the tape e wice
and exit angles on the reeis, the counter rotation of thereels is evident. The tape is
driven through the group of rollers and onto the reels by the three capstans 4, 7, and 10.
The drive force to move the tape comes from friction between the backside of the tupe
and the capstans. For this drive technique to work properly there must be constant
tension on the tape

The required tape tension is provided by asingle negator spring operating on th: o
reels through a differential mechanism as shown in Figure 5. The reels are independently
supported on the ditterential shaft by a preloaded pair of bearings for each reel. This
allows the reels to move freely relative to the differential shaft and each other, The
negator spring applies tor, ue to the differential shiatt. Thistorque IS reacted throuy & thie
spider gear to thereelswiiich provides the tape censionnecy st tor the friction driy
sy stem to work. Reter to Figure 4 to see how both ends ot . ¢ tape wie tensioned..
single applied torque The spring is always trying to pullthceape onto both reels. e
capstan drive system pull.the tape ott of one reetandihe siing winds the tape up cioto
the other reel.

During any move of the tape, the reel speeds will not be the same; the reel that 1as
more tape on it will rotate slower. The ditterentialmechariisishatt rotation rate w..: be
proportional to the difference of the two reel speeds Atthe exact center of the tape
where there is the same amount of tape on each 1 eel, the reel speeds will be the same and
the differential shaft will stop rotating. As the tape passes the exact center, the difterence
in rotation rates ot  the twu reels will change sign since the recl with the most tape v
nave changed position (1¢. upper to lowerreel) The result or thismotion is the nev..on
spring is unwound, stops, and then rewound as the tape goes rrom one end to the ot
It'the tape is released at any position, the spring system will drive the tape to the center
of tape where the negator is fully unwound. The nominal motor current to mos e the tape
from one end to the other is shown in figure 6 and is independent of the direction ot tape
motion The monotonic nature of the current is due to the motor holding back the
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Figure o,

Noswcatiid Motvr Carrend frace wt oo wbps
1400 Feet of Tape, Reverse or Forward
negator (acting as a brake) as the center of tape is approached, and then rewinding e

of tape position to determine what the nominal motor current should be toragiven
operation.

The drive systemn tor te three capstans 1s shown i Figure 7 The motar duve: .
central pulley that has thi ce Kapton belts wrapped around in the contiguration show
I'his approach guarantees thatallthree capstans run at the samie speed and does not
introduce any drivetrain noise in the tape motion  The wrapping technique of the bl
minimizes the radial load onthe motor bearings providing tor alongetlite The
tachometer (encoder) wheel is connected directly to themotuirotoro maittainthe
highest speed accuracy during slew and recor d modes.

The tape recorder contuins a total of 21 pretoaded pans o radial contact ball
bearings. All of the bearings are mounted o houstngs and i shatts of the same maternial
as the bearings (440C) to minimize changes in the drag wrgae due to thermal expansion,
When the recorder was assembled the drag torque of the bearing pairs was ineasured and
screened for applicability Only assemblies with acceptable drag torgue and ripple wie
used in the final mechanisms. All bearings are lubricated with EXXON ANDOK €
This grease is filtered to 10 microns absolute and applied to the bearings through a
syringe. This technique is used to maintain a very accurate volume ol grease and ¢ven
distribution within the bearings.

The tape recorder contains a total of five heads. Twoottie heads are iforplayb . . ..
two ol the heads are for recording, and the fifth head is a duminny head Many ot the
recorders that had alot of’ flight heritage prior to the Galileo build used adc erase head in
this location, Since the surface of the head is also a tape guide, the dummy head wus
installed for the purpose of maintaining the tape path heritage Figure S stiowsthe
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construction of the dummy erase head. The interface to the tape, the two sapphire rods,
is the same as the previous machines from which the heritage was obtained. The four
active heads are constructed of AlFeSil which is a standard recorder head material.

Sapphire Rods

| - I M ~— Aluminum Block

Figure 8.
Dummy Erase Head Construction

Failure Analysis

A complete study of the recorder mechanisms was performed following the anomaly
on October 11, 1995. This effort produced a fault matrix that pointed to the following
fallure possibilities:

1. Tape slippage at the capstans
2. Tape sticking to the dummy erase head
3. Tape sticking to aroller on the BOT side of the drive

With this knowledge, the recorder could be operated in the forward direction and the data
from this operation would provide more information on the possible failure. On October
20,1995 a test was performed that moved the tape forward for ten seconds. The motor
current from this test is shown in Figure 9 and showed a high startup current with all
recorder status and operations nominal afterward. The tape position is recorded with the
data on the tape and this information showed the tape never moved during the rewind
anomaly. Thisindicated that the tape recorder was still usable and the capstans must
have dlipped on the backside of the tape. Since there was concern that the tape was
structurally compromised where the capstans spun against it, the next motion of the tape
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Motor Current Telemetry
10/20/95 Spacecr aft Recorder Test

recorder was to wrap the compromised section onto the reel. During this motion there
was adrop in the servo lock signal indicating an out of lock condition. Since the move
was done in the playback mode, thisindicated that the data on the tape was damaged at
the drop out point. Previous motions of the tape recorder were researched and two other
cases of unexplained tape position error were found. The characteristics of each of the
three failure situations are listed below (the preceding numbers are the year - day of
year):

1. 95-284. 806.4 kbps rewind failure,
. No leader indication after 15 hours at 806.4 kbps reverse slew.
. Motor current not erratic.
. No loss of servo lock.
. Incremental tape position pulse rate consistent with commanded speed.
. No motion of tape as determined by subsequent recorder operation.
. Initial high motor current at startup of subsequent tape move.
. Servo lock drop out after moving tape 20 inches from the anomaly
position.
2. 95-186: 806.4 reverse rewind failure for 4.4 seconds near center of tape.
. Tape position after completed rewind was 83 while the expected count
was 191.
. Only dlip in reverse could account for this discrepancy since forward
slip would produce an ending count higher than the expected value.



3. 95-258: 7.68 kbps reverse record failure near cetiter Of tape.
. Motor current 70 DN higher than expected tor the tirst elevenminutes
of a 22 minute move.
. After an 806,4 kbps slew to the end of thetape, the end was reaci.cu
155 tape position pulses earlier than expected,

. 155 pulses early is consistent with eleven minutes of tape dlippage at
7.68 kbps.

Note that al ot the failures occurred while the tape recorder was operating in the
reverse direction. In January, 1996, a tape conditioning operation (consisting of winding
the entire tape from one reel to the other) was performed that produced another (fourth)
sticking failure with the following signature:

4. 96-019: 100.8 kbps forward playback to 7.68 kbps reverse playback.

. Motor cur-rent 80 DN higher than expected with servo in-lock at 100.8
kbps for-ward playback.

o 7.68 kbps reverse playback showed servo out of lock

. 7.68 kbps forward playback was then executed and showed an initial
high motor current.

. 7,68 kbps reverse playback was executed again and showed nominal
tape recorder operation.

The fault matrix was updated with the four failure signatures listed above incorporated
‘I"his led to a single conclusion for the failure that could produce all of the failure
signatures. This matrix is shown in Figure 10. The failure signatures are listed above
each column and the failure scenarios are listed to the left of each row. The presence of
an X indicates that the failure scenario could account tor that particular signature. The
total number of X’s for each scenario are listed in the far right column Only the failure
scenarios that have an X in all of the columns are candidates. The tape sticking to e
dummy erase head is the only scenario that fits all of the signatures.

FAILURE MECHANISM

Once the failure scenario had been identified, the next question was how does the
tape stick to the erase head and why don’t all of the recorders built by Odetics have the
same problem, A significant amount of testing was performed to answer these questions
Several sticking mechanisms were investigated while a search for spare recorders of the
same vintage took place, The result of the search yielded a Magellan spacecraft spare
recorder that was built at the same time as the Galileo recorder and used the same lot of’
magnetic tape. This spare recorder was obtained and operated to see if it exhibited any
of the sticking characteristics that the Galileo tlight recorder had. After the tirst move to
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Figure 10.

Tape Recorder Mech




the end of the tape the Magellan recorder stuck with the same signature as the Galileo
flight recorder.

After the Magellan recorder became stuck, it was carefully opened and inspected.
The tape had stuck at the erase head (the Magellan units used the dc erase head function
and had an active head at this position with the same sapphire rod interface) and there
was a visible film of brown residue on the head. The head was then removed for
inspection of the debris. The debris was chemically analyzed for composition and found
to be composed solely of magnetic tape constituents. A diagram of the debris on the
head is shown in Figure 11. Note that the debrisis located on both sapphire rods yet
appears to be interleaved (asif the debris from one rod broke off and was transferred to
the other rod). This investigation found that the sticky stuff isin fact the normal tape
debris generated by the passing of tape over the erase head.

/i SAPPHIRE RODS
DEPOSITED

| / DEBRIS

N AN
\ SOURCE

DEBRIS N A RROWS SHOW
1, OCATION DEPOSIT
ORIGINATED FROM

Figure 11.
Magellan Recorder Erase Head
Debris Distribution



The best model identified to date for depositing tape constituents on the erase head
maintains that the generation of debris from running tape o\ e the erase headisanutaral
process that occurs with new tape. New tape is naturally abiasive and “wearsin”dutng
the first operation of the machine. ‘he sapphire rods on the erase head promote ahiun
tape wear rate (compared to the AlFeSil active heads) as observed in laboratory tests
This wear-in process creates the tape debris as well as wears flat spots on the sapphire
rods, A large portion of the tape debris is swept up by the tape into its pores, After a
sufficient amount of tape is passed over the head, the wear rate drops to essentially zero.
This was verified by taking a worn-in tape and running it through a machine with a new
sapphire head for two million feet, The result was that no discernible tape debris w as
generated. However, when a new tape is installed with anew head, the tape produces
visible amounts of debrisin less than two thousand feet of travel.

Thisinformation led to the development ot a debris model that is consistent with all
of the data uncovered to date. The required order of events that lead 1o a sticking
recorder are asfollows:

1. New tapeis installed and operated in the machine. This process wears
the tape and erase head sapphire rods, producing debris.

2. Once the tape recorder meets its performance requirements (but prior
to completion of the debris generation phase), the machineis
thoroughly cleaned by Odetics prior to sealing the unit for tlight

3. The tape machine is sealed with the appropriate atmosphere inside.

4. The tape continues to generate significant amounts of debris until its
high wear cycle is complete.

5. This generated debris is collected outside of the tape-to-head contact
area, presenting no threat to recorder operation.

6. At some point in flight, a portion of the debris beaks ott of the
collection area and is swept by the tape into the tape-to-head contact
area on the opposite rod

7. The debris caught in the contact areais worn by the moving tape
causing an intimate contact area with aresultant stick,

8. The tape is broken frec from the head by operating the recorder, ‘This
severs the debris leaving some debris stuck to the tape and some debris
left behind in the contact area.

9. The debris left in the contact area acts as a gathering agent and collects
more debris from the tape.

10 Steps 7 through 9 repeat.

The tape debris collected at the head is currently believed to contain a high
concentration of hydrolysis products. This would explain the sticky behavior of the
material. Two tests have been performed to verity this hypothesis. The tirst consisted of
applying a solution of hydrolysis products to the erase head and operating the tape
recorder to see if the sticking performance matched the observed behavior on the flight
unit. The second test involved putting a reel of unused tape trom the same lot as the
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Galileo flight tape onto the recorder. This tape has hydrolysis products on the entire
oxide surface as deter-mined by chemical analysis. The recorder was then operated 1o
produce the sticking condition. The results from both of these tests showed that the
sticking behavior of the tape matched the flight unit for atime. Eventually, the sticking
phenomenon disappeared because all of the debris deposited on the erase head was
removed. This result is consistent with what was seen on the Magellan flight spare unit.
When the tape was pulled off of the head, the debris was sheared, removing some of the
debris from the head. If this process continues every time the tape is torn from the head,
the quantity of debris available to cause the tape to stick will continue to reduce to the
point where the tape no longer sticks.

To answer the second question of why don’'t all of the Odetics tape recorders stick.
the entire operational history of three units was investigated The three units were

1. The Galileo flight unit on the spacecraft
2. The spare Galileo flight unit located on the ground
3.The spare Magelltan flight unit located on the ground

The spare Galileo unit was built at the same time as the unit on the spacecraft and has
never shown any evidence of the tape sticking. The assembly and testing history
suggests that the difference between the units that stick and others that don't is the
amount of tape passes put on the machine prior to the final cleaning and closing of the
unit, Thisis consistent with the stick model because the units that stick had not
completed their high wear cycle and so continued to produce debrisin significant
quantities after the units were sealed. On other units, the debris generation had dropped
to the nearly imperceptible level prior to final cleaning at Odetics and no longer
produced enough debris to cause the sticking phenomenon throughout their entirelife.

GALILEO TAPE RECORDER OPERA’'I’10X STRATEGY

All of the testing that has been performed with severa sticking tape recorders has
shown that the magnitude ot the stick does not exceed the ability of the motor to break
the tape free by operating the recorder in the forward direction. The limiting factorin
the ability to release the tape from the erase head is the drive motor stall torque. The
stall torgue can produce about 32 ounces ot tension in the tape at the erase head. This
tension is not enough to break the tape but is about 30% greater than the strongest stick
measured during all of the ground testing.

The stick model (step 7 above) requires the debris on the head to be worn in orderto
obtain an intimate contact area with the tape, This implies the need to run aminimum
distance of tape over the head before a stick condition exists, The data from theflight
recorder indicates that thisis the case. If the recorder is only moved ashort distance, the
tape will not stick to the erase head and there is no danger in moving the tape in the



reverse direction. The current Galileo strategy is to aways move the tape recorder in the
forward direction for a short distance prior to any motion inthe reverse direction. | o
date this strategy has proved acceptable since the spacecraft has had tive encounter->
consisting of over twenty reverse operations of the tape recorder per encounter with no
detectable dlipping of the drive. Any slipping events would be detected by the tape
position telemetry not being consistent with the expected position.

CONCL[JSIONS

The Galileo flight tape recorder is critical to the completion of the spacecraft’s
mission to study the Jovian system of moons and the giant planet. The rewind anomaly
that occurred on October 11, 1995 seriously threatened the mission’s data return, Atter
exhaustive review of the tape recorder design it was determined that the recorder could
be operated and the tape was sticking to the erase head in the machine. The cause of the
tape sticking to the head was traced back to the tapeitself and the natural generation of’
debris. The current model indicates that the bulk of the tape debris is generated during
the early operation and testing of the recorder. This high debris generation at the start of
the recorder’s life coincides with the maximum tape and head wear period. The major
factor that determines the potential for tape sticking in a particular recorder iswhere in
the tape/head wear cycle the erase head was cleaned prior totlight. Testing also
indicates that the wear rate of the sapphire rods used as “rubbing surfaces’ on the erase
head is significantly greater than the AlFeSil material used in the other four heads. This
characteristic results in the tape debris deposition occurring mostly at the erase head.

The continued production of debris inside a closed and sealed recorder could then lead to
a sticking condition at the erase head. Once a machine has set up a sticking condition the
recorder must be operated in a certain way to prevent tape slippage. All tests indicate
that several sticking events can remove the debris from the erase head until the tape no
longer sticks to the head, This means that the possibility of the Galileo tlight recorder
problem healing itself exists, leading to arecorder that operates normally in the future
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