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SUMMARY

During the Shuttle Payloads proximity operations of rendezvous, retrieval and
deployment, the Shuttle payloads will be subject to the effects of possible
impingement forces from the Orbiter reaction control systems plumes, There-
fore, the plume effects must be understood so that appropriate countermeasures
are provided through flight mechanics, flight procedures, and design of the
pavloads and payload interfaces.

The plume model being used in the Shuttle engineering simulator and other pre-
nission activities was generated with source flow plume impingement program
techniques equivalent to those used for the Apollo service module reactior con-
trol system plume impingement analyses for the proximity operations in the Skv-

b program, Agreement between Skylab flirnt experience and the service module
reaction control system plume {mpingement model could validate at least part of
the Orbiter reaction control system plume model.

betermining the effect of plume impingement during proximity operations was not
an objective on any Skylab mission and, consequently, data were not collected
nor processed for proximity operations studies; however, the analog and bilevel
telemetry data, television data and voice downlink data obtained during the com-
mand and service module pre-docking approach and fly-around at the beginning ot
the second visit to Skylab provided data for analysis of proximity operations,
in addition, the nearly complete coverage obtained with the 16-mm data acquisi-
tion camera onboard the command module provided usable data for the study. The
digital data that made up the majority of the Skylab data were not available
tor this study because changes in the ground stations hardware and software
since the completion of the Skylab program deleted the capability to process
the Skylab digital data.

The approach and f'yv-around profile was determined from the 16-mm photography,
television, and time-annotated voice transcripts. The flapping canopy on the
Saturn Workshop parasol was observed in a film sequence photographed at
209:19:14:33 G.m.t,, trom which measurements were made to determine the size
and shape of the flapping corner, the distance moved, and the rate of movement,
‘hese data were used to calculate the actuating force using simple force equa-
tions.

The distance and pointing angles from the service module reaction control sys-
tem to the parasol flap were also determined from the photography. These data
and the plume-model profile of dynamic pressure versus distance from the ser-
vice module thrusters were used to calculate the force on the flap using the
plume model.

Agreement between the force equation and plume-model-derived results for the
two flapping actions of a corner of the lightweight parasol canopy was good:
For the smaller flapping action, the force equation results were 0.574 1b com-
pared to 0,602 1b from the plume model. For the larger flapping action, the
force was 1,207 1b from the force equations compared to 1.346 1b from the plum
model .
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The use of the forward-firing service module thrusters A-3 and C-4 during the
approach and beginning of the fly-around also placed a force on the Saturn
Workshop solar arrays that induced a negative roll moment on the workshop. The
photographic data, analog data, plume impingement model, and the workshop geom-
etry were used to determine the force on the solar arrays and the induced nega-
tive roll moments on the workshop. For comparison, previously evaluated Saturn
Workshop flight data were used to determine the positive roll torque and moment
developed by the workshop thruster attitude control system firings in response
to the torques and moments induced by the service module reaction control sys-
tem plume impingement on the solar arrays.

Agreement between the calculated results was good for the roll stabilization
of the workshop. The results were a positive roll response of 4235 ft-lb-sec
bv the thruster attitude control system compared with 3369 ft-lb-sec negative
roll induced by the service module thrusters using the plume impingement model.

On the basis of the measurements and calculations, good agreement exists be-
tween the source flow plume impingement program model for the service module
reaction control system thrusters and the Skylab flight experience for the sep-
aration distances and angles evaluated,
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INTRODUCT1ON

The study of the plume impingement effects of the service module reaction con-
trol system thruster firings was initiated to determine if previous flight ex-
perience would support the currvent plume ifmpingement model for the orbiter re-
action control system engines. The orbiter reaction control system is used
for rotational and translationa! maneuvers such as those required during ren-
dezvous, braking, docking, and statfon-keeping. Therefore, an understanding
of the characteristics and effects of the plume force fields generated by the
reaction control system thruster firings is required to develop the procedures
tor orbiter/payload proximity operations.

orent orbiter/payload proximity-operation studies and the Shuttle engineering

mulator have made use of the plume models developed by both the source flow
plume fmpingement program and a plume fmpingement program that uses the method
of characteristics to determine the plume flow field. Agreement between the
two programs has been good over the range of force fie'd angles and distances
that apply to this study. Although the orbiter reacticn control system englnes
differ significantly from the Apollo service module reaction control system en-
gines in size, shape and performance, the source flow plut. impingement program
plume model techniques are applicable to both the orbiter and the service mod-
ule engines, The method of characteristics plume and plume impingement program
model for the service module reaction control system thruster plume was used
in developing the Apolle, Skylab, and Apollo Sovuz Test Project rendezvous and
docking procedures, In each of these previous spaceflight programs, the (light
procedures were based on the predicted effects ot the reaction control system
plumes and were satisfactory with good control being maintained,

Determining the effect of plume impingement during proximity operations was not
an objective for any of the Apollo, Skylab, or Apollo-Soyuz Test Project mis-
slons, rather the operational procedures were developed to avoid, not explore
such effects. Data were not collected nor processed for proximity-operation
studies, but a command and service module pre-docking fly-around inspection of
the Saturn Workshop on the second Skvlab visit did provide the only usable
flight data on plume impingement in a proximity operation situvation. 1In fact,
the fly-around was terminated early, and future fiy-arounds avoided because of
the visible effect of the service module reaction control system plumes on the
thermal protection parasol that had been installed on the workshop during the
first Skylab visit, The parasol fabric canopy flapped vigorously in the force
tield generated within the reaction control system thruster plumes,

Ihe study covered by this report was based on the [ly-around experience of the
second Skylab visit. Although available flight data were limited, as stated
previously and discussed in the Data Section, the comparisons performed between
values calculated from flight experience and those calculated from plume models
woere in two categories:

a. Plume impingement on the parvasol fabric canopy with an impingement
surface-to-canopy body-weight ratio of about 90:1.

b. Plume impingement on the workshop solar array panels with an iwmpinge-
ment-surface-to-workshop body-weight ratio of about 12:1000,
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PRE-DOCKING FLY-AROUND INSPECTION

Prior to the fly-around maneuver by the spacecraft, the service module reaction
control system quads B and D (fig., 1) were disabled for plus or minus X trans-
lations because of a problem with quad B, As a result, the forward-firing
thrusters A-3 and C-4 were used for braking as the spacecraft neared the werk-
shop and thus were the source of plume impingement on the workshop.

Approach to the Saturn Workshop with the manned command and service module was
from below, viewing the -Z underside of the workshop against the dark background
of deep space (fig. 2). The workshop first appeared in the field of view of the
16-mm data acquisition camera at a distance of about 1200 feet. At a distance
of about 165 feet (fig. 3), some motion of the parasol (see section on Plume
Impingement on Saturn Workshop Parasol) was observed in the 16-mm photography.
Although the parasol was mounted on the +Z scientific airlock, parasol motion
was sometimes visible from the -Z side because the workshop was rolled approx-
imately 26° clockwise, a position that roughly aligned the camera with the
workshop wardroom window,

The approach ended at a distance of about 137 feet, and the command and service
module moved along in the +X direction of the workshop around the docking ring,
and to the +Z side of the workshop. There the +Z (top-side) of the workshop
was viewed with the sunlit earth in the background. As the parasol came into
the field of view of the camera, parasol canopy flapping was observed at a dis-
tance of about 160 feet. The fly-around was terminated because of the exces-
sive flapping of the parasol as the distance decreased to about 134 feet.

As the spacecraft was backed away from the workshop to begin the docking se-
quence, maneuvers to minimize plume impingement resulted in spacecraft attitudes
that prevented continuous photography of the parasol. The spacecraft was closest
to the workshop while passing along the -Z underside of the multiple docking
adapter portion of the workshop.

The fly=-around profiles in figures 2 and 3 were derived from measurements and
observations made from the motion picture film (ref. 1), video tapes (ref. 2),
and time-arnotated air-ground voice transcripts (ref. 3). The measurements
and calculations are discussed further in the Data section of this report.

Two flapping motions of tne forward right-hand portion of the parasol canopy
(209:19:14:33 G.m.t.) were the only sequences of the 16-mm film in which the
rate of motion of the parasol canopy was within the frame-rate resolution of
the film, and where the view angle presented measurable parasol configuration

lements in each frame, These two flaps of the parasol canopy and the effect
of plume impingement on the fabric canopy are discussed in the section of the
report on Plume Impingement On The Saturn Workshop Parasol.

Counterclockwise roll torques were induced on the workshop by service module
reaction control system thruster plume impingement on the solar arrays when the
spacecraft approached the -Z underside of the workshop at the start of the fly-
around. The workshop had previously been placed in the nominal momentum cage



mode for stabilization and control. In this mode, the gravity-gradient atti-
tude was maintained by the control moment gyros and the reactions caused by
events such as vent dumps and plume impingement were stabilized by thruster
attitude control system firings. No vent dumps occurred during the approach
and fly-around period, therefore, the firing commands to the thruster attitude
control system were to negate the effects of the service module reaction con-
trol system thruster plume impingement and thereby maintain workshop stabili-
cation, The workshop roll effect from reaction control system thruster plume
impingement on the solar array is discussed in more depth in that section of
the report.

PLUME IMPINGEMENT MODEL

Ihe service module reaction control system plume model used was developed for

o desktop calculator and was based on the source flow plume impingement program
(ref, 4), instead of the method of characteristics plume flow plume impingement
program that was utilized on the Apollo, Skylab, and Apollo-Soyuz test programs,
Studies have shown that a source flow plume can approximate the plume flow de-
scribed by the method of characteristics quite satisfactorily in the plume far
field (where the distance between the thruster and impinged surface is greater
than ten times the exit diameter of the thruster nozzle) and under vacuum or
near vacuum conditions. The shortest distance between the service module re-
action control system nozzles (exit diameter about 5.5 in.) and the workshop
during the fly-around was over 90 feet, a distance that is well into the far
field.

The lines of constant dynamic pressure for the plume force field in figures 4,
5, and 6, were generated on the basis of the source flow plume impingement pro-
gram to a distance of over 300 feet for this study. Although single-plane two-
dimensional conditions are indicated in figures 5 and 6, calculations of the
effects of the plume dynamic pressures on the workshop parasol and solar arrays
included the three-dimensional considerations.

The limiting turning angle, ©,, for the gas was assumed to be 7/2 radians be-
cause of the relative positions of the workshop and spacecraft during the ap-
proach and fly-around sequence. The variable specific heat ratio, y, was ap-
proximated by a constant specific hear ratio of 1.28 for the monomethyl hydra-
zine/nitrogen tetroxide bipropellant,

The source flow plume impingement program provided a reasonably accurate basis
for the comparison of the service module reaction control system plume impinge-
nent model and the Skylab flight data. Simiiar techniques with the plume im-
pingement program were used to generate the orbiter reaction control system
plume impingement model. Although the propellants were the same, differences
between the orbiter and service module reaction control system engines were
recognized, i.e., total thrust 900 1b versus 90 1lb, expansion ratio 22:1 versus
i0:1, and mounting internal to moldline and shaped to fit versus external mount-
ing.



PLUME IMPINGEMENT ON SATURN WORKSHOP FARASOL

A 25-foot by 23-foot laminated fabric parasol (fig. 7) was attached to the
workshop through the +Z scientific airlock on the first manned visit. This
parasol thermally protected that port:on of the +Z side that was uncovered when
the micrometeoroid shield was lost (.. ing the Skylab launch. The 16-mm photog-

.raphy taken from the command module during the pre-docking approach and fly-

around maneuver on the second visit (ref. 1), shgwed part or all of the para-
sol's flexible canopy flapping vigorously from fervice module reaction control
system thruster plume impingement whenever the %pacecraft was within about 160
feet of the workshop (figs. 2, 3, 5). Some p¢rtion of the parasol was in the
field of view of the camera about half the time during the photographic cover
age from 209:19:03:30 G.m.t. to 209:19:19:00 G.m.t., and parasol motion was
observed about 70 percent of the time wher the parasol was in view., Selection
of a usable frame sequence to measure parasol motion was difficult because of
the unfavorable relationships between parasol motion and camera view angle and
camera frame rate, However, at 209:1%:14:33 G.m.t., a sequence covaring two
flapping motions of the forward correr of the parasol (figs. 5 and 7) was usable.

The size and shape of the flappiug forward corner, the motion rates, and dis-
tances moved during the sequence were determined from the 16-mm photography,

as was the separation distance and attitude relationship between the workshop
parasol and the service mcdule reaction control system thrusters (figs. 8 and 9).

.

Plumc Model Calculations of Force on Parasol Corner

The parascl motion measurements established the position of the parasol in the

force tield of the service module reaction control system thruster plume model

(figs. 5 and 10). The force on the parasol corner for the two flapping motions
was as follows:

Thruster Smaller flap Larger flap
A-3 plume dynamic prussure, lb/ft* 0.00455 0.00446
C-4 plume dynamic pressure, lb/ft® 0.00298 0.00302
Combined force, 1b 0.602 1.346
Canopy area of flapping motion, ft* 80 180

Force Equatior Calculations on Parasol Corner

The parasol canopy was an assembly of nine strips of GT-76 Nylon rip-stop cloth
that was laminated with aluminized Mylar. Each strip measured 2.5 feet by 25
feet, and when sewn together, the nine strips formed the 23-foot by 25-foot
canopy, and weighed about 0.177 ounce/ft?, Stiffness of the canopy material
was determined by ground tests that were required for design of the deployment
and unfolding mechanical design (ref. 5). Nomex tape reinforced the canopy
edge, and Polybenzimadazole cording formed attaching loops at the four corners.
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The canopy was supported by four telescoping rods (fig. 7) that were attached
to the corner loops by Polybenzimadazole cord, These forward two rods were

not fully deployed on the first visit, allowing considerable slack and trecdom
for parasol flapping (ref. 6). The possibility of canopy support=tube deflec-
tions having an effect on the flapping charactaristics of the canopy was rec-
ognized, and the results of the tube deflection ground tests were considered.
However, no appreciable tube-deflection effects were apparent in the photography
of the flapping sequence at 209:19:14:33 G.m,t,

The size, shape, distances, and rates were applied to simple force equations
for the lifting and rotating movement observed; and the results of the stift-
ness tests were applied to the canopy seams, edge seams, and unseamed material
to determine the bending forces involved in the flapping actions. The total
torce required to produce the measured movement of the flapping parasol corne
observed in the photography was as follows:

Smaller flap Larger flap
Lifting force, 1b 0,248 0,703
Rotating force, b ! 0,307 0.481
Bending force, 1b 0,019 0.023
Total, 1b 0.574 1.207
Comparison

A comparison of the results of force equation calculations with the results of
the plume model calculations showed reasonably good agreement,

Smaller flap Larger flap
Force equations, 1b 0.574 1,207
Plume model, 1b 0,602 1. 340

PLUME IMPINGEMENT ON SATURN WORKSHOP SOLAR ARRAYS

As the spacecraft approached the -Z side of the w~orkshop to begin the fly-around
(figs. 2 and 3), the forward-firing reaction control system thrusters, A-3 and
C-4 (fig. 1) that were used for braking impinged on the panels of the workshop
solar array and Apollo telescope mount solar array (fig. 6) and induced a nega-
tive roll torque on the workshop. The workshop thruster attitude control sys-
tem responded to the external forces by firing positive roll thrusters 3 and
(fig. 1) to maintain the desired workshop orientation. These data were dete:
mined from a selected 5-minute period of data beginning at 209:19:05 G.m.t.




At the time of the approach and flv-around, the workshop was in an attitude con-
trol mode in which the control moment gyro's maintained the workshop in the
pravity gradient attitude and the thruster attitude control system was being
used to maintain stability control in regard to the effect of external disturb-
ances, However, with no crew onboard and no venting occurring, the only sig-
nificant disturbances requiring thruster attitude control system operation were
from che service module reaction control system thruster plume impingement,

Induced Negative Roll Determined by Plume Model

Th coparation distances and pointing relationships between the workshop solar
ar v and the service module reaction control system thrusters during the ap-
proact and flyv=around were determined. These measurements established positions
of the solar arrays in the force field of the reaction control system plume
model (fig. 6). The calculated values of the negative roll torque, table I,
induced by the service module reaction control system thrusters A-3 and (-4
during the S-minute period were based on the plume model dynamic pressures,
service module reaction control system thruster firing times from the recorded
analog data (ref, 7), and the 16-mm photography.

Positive Roll Response Determined From Saturn Workshop Data

The positive roll response (table 11) from the firings of the workshop thruster
attitude control system thrusters was calculated on the basis of the average
rate gyro output data (ref, 8), the impulse usage required (ref. 9), and the
workshop dimensions (fig. 11). The analog thruster attitude control system bi-
level data (ref, 7) were invalid during this time period and could not be used
to determine thruster firing times.

Comparison

A comparison of the results of the positive roll torque based on calculations
from the workshop thruster attitude control system data with the negative roll
torque based on plume impingement model calculation showed reasonably good
agreement with a positive roll torque of 3369 ft-lb-sec and a negative roll
torque of 4235 ft-lb-sec.

DATA

Availability of Data

The Skvlab missions produced a vast amount of recorded data, much of which has
been used in engineering analyvses as well as extensive scientific analyses,
During the intervening years since the completion of the last Skylab mission,
February 8, 1974, and the beginning of this study, the computer-compatible
master tapes have been archived, {.e., stored and made available upon request
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for additional analysis requirements. However, the hardware and software of
the compatible computer data processing centers at Johnson Space Center and
Marshall Space Flight Center have been changed to accommodate the Space Trans-
portation System programs. Consequently, the Skylab-recorded digital data can
no longer be reduced by the two ground stations,

To process the digital data, new programs that are compatible with the existing
ground statfons would have to be written and verified, or new ground station
hardware and software that is equivalent to the previously compatible config-
uration would have to be built, Neither of these options were within the scope
of this study or justifiable from a cost standpoint, since special programs were
st {11 available at Johnson Space Center to process some of the Skylab analog
iita, These programs were us~d to produce bilevel strip chart records of the
service module reaction control system and workshop thruster attitude control
system firing times during the approach and fly-around period covered by this
study,

The analog data were subject, of course, to the common problems of occaslonal
data dropouts and excessive noise. Some of the service module reaction control
system thruster firing analog bilevel data were invalid because of data dropouts,
Almost all of the workshop thruster attitude control system thruster firing
analog bilevel data were invalid during the approach and fly-around because
noise masked the data.

Although no studies were made of plume impingement effects during the approach
and fly-around proximity operations, some fringe data that were applicable to
this study appeared in the post flight evaluation documentation of the Saturn
Workshop Attitude Pointing Control System (ref. 8).

Photographic Data

The 16-mm film taken from the command module during the approach and fly-around
was used for film image measurements to calculate the spacecraft-workshop sepa-
ration distances and determine the location and orientation of the workshop in
the force field of the plumes from the service module reaction control system
thrusters.

Coordination between the 16-mm film, the television video tape record, and the
time-annotated air-ground voice transcripts provided timing for the situations
observed and studied. Figure 8 shows the method used to determine the space-
craft-workshop separation distances, The method applied simple trigonometry
to the combination of known camera characteristics, size of workshop elements
(diameters), and film image measurements to find the distance from the camera
to the workshop. An additional 8 feet was added to the calculated distance
between the workshop and the camera to arrive at the service module reaction
control system thrusters A-3 and C-4 positions, that are about 8 feet behind
the camera location in command module window.

Figure 9 shows the method used in the calculation of the attitude-orientation
pointing-angle between the command and service module and the Saturn Workshop.
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Two points were selected on the workshop where the diameters were known, the
distance between the points was known, and the points were measured on the 16-mm
film. The angle was then determined.

Using the methods described in the previous paragraphs, distances and angles
were measured from the photography, calculated, and plotted at about 50 differ-
ent positions in the approach and fly-around sequence.

Figure 10, as well as figures 5 and 6, indicates the location and orientation
of the workshop in the plume force field and from these data, a determination
of the dynamic pressure on the parasol and on the workshop solar arrvays was
made, In laying out plume patterns, adjustments were mude for the 10° cant
angle for the A-3 and C-4 thrusters, and for the offset from the camera axis
to the A=3 thruster (approximately 3.5 feet), and to the C-4 thruster (approx-
imately 10.3 feet).

Parasol movements and flap sizes were calculated Iin a similar manner from known
dimensions and measurements of images on the 16-mm film.

Recorded Data

The spacecraft analog data tapes were processed to provide bllevel strip charts
of the service module reaction control system thruster firings (ref. 7). The
data for all 16 thrusters (table I11) were reviewed, confirming the inactivity
of quads B and D and showing that most of the activity during the approach and
fly-around was with the forward-firing thrusters, A-3 and C-4. The accumulated
A-3 and C-4 thruster time data for the selected time period were used in the
calculation of accumulated negative roll torque induced by plume impingement

on the solar arrays.

Documented Data

Digital data were processed for the post flight evaluation of the workshop/
orbital assembly attitude pointing control system, and portions of chese data
were presented in some of the figures in the evaluation report (ref. 8) to sup-
port the discussion of the docking operation on the second visit. In some of
these plots of the flight data, the time period covering the approach and fly-
around was included with the docking sequence, As a result, the average rate
gyro output data were available for this study as fringe data from the attitude
peinting control system evaluation documentation. These data were used in de-
termining the workshop positive roll response.

Documented data for the workshop thruster attitude control system impulse usage
rate to maneuver the workshop was provided by the Operational Data Book (ref. 9).
These data were also used in determining the workshop positive roll response.

The service module reaction control system plume model used and discussed in
the report on the plume impingement model was generated on the basis of the
source flow plume impingement program (ref. 4).
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Other Sources of Information

The Skylab best estimate trajectory (SKYBET) data tabulations and prints of
time history reports in formatted tabs (THRIFT) near-real-time data were exam-
ined as possible sources of information. Although too gross in resolution and
sample rate, the discernible events and trends confirmed the results of the
study.

The workshop dimensions that were used (fig. 11) were collected from many Sky-
lab project documents, including handbooks, reports, data books and drawings.
Parasol characteristics were provided by construction drawings and test re-
ports (ref. 6).

ln addition, flight control logs, flight controllers, subsystem specialists,
and flight crew members were consulted and contacted for additional details,
clarification, and personal observations,

CONCLUSTONS

Good agreement exists between the study results using Skylab flight data, and
the results using the source flow plume impingement program model for the ser-
vice module reaction control system.

Techniques used in the generation of source flow plume impingement program models
are acceptable, based on the agreement of study results using Skylab flight data,
and results using the afore stated plume impingement model for the service mod-
ule reaction control system.

Ihe agreement between the applications of Skylab flight data and the source
tlow plume impingement program model for the service module reaction control
system was true for the impingement forces lifting a part of a lightweight par-
asol canopy on the Saturn workshop, and also for the impingement forces on the
solar arrays inducing rolling moments on the heavier Saturn workshop.

Plume impingement from the forward-firing spacecraft thrusters (A-3, C-4) caused
movement of the workshop parasol canopy from as far away as 165 feet.

Plume impingement forces from the forward-firing service module reaction control
system thrusters A-3 and C-4 against the solar array panel surfaces during the
approach and fly-around from about 265 feet to about 100 feet separation dis-
tance was sufficient to induce negative roll moments on the workshop thus caus-
lug the workshop thruster attitude control system to respond.

Future retrieval and processing of Skylab digital data will require either new
programming that will be compatible with the stored data and with the present
ground station, or changes to the present ground station to make the station
compat ible with the stored data.
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Figure 5.- Workshop parasol in plume impingement model torce hields tor service module reaction
control system thrusters A=3 aad C=4 at about 209:19:14,.33 G.m.t,
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Figure 8 .- Finding workshop=spacecraft separation distances.
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