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ABSTRACT

Lightning Attach Point tests were conducted on a 0,03 scale
model of the Space Shuttle launch configuration (Orbiter, External
Tank and Solid Rocket Boosters). A series ef 250 loag spark tests
(15 to 20 foot sparks) determined that the Orbiter may be struck
on the nose, windshield brow, tail and wingtips during launch but
not on the main engine nezzles which have been shown to be vulnerabie
to lightning damage. The Orbiter main engine and SRB exhaust plumes
were simulated electrieally with physical models coated with graded
resistance paints. The tests showed that the exhaust plumes from
the SRB provide additional protectien for the main engine nozzles.
However, the tests shewed that the Orbiter Thermal Protection
System (TPS), which has alse been shewn to be vulnerable to
lightning damage, may be struck during launch. Therefore further
work is indicated in the areas of swept stroke studies on the model
and on TPS panels. Further attach point'testing is also indiecated

on the free-flying Orbiter.
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SIMULATED LIGHTNING TEST-SHUITLE .03 SCALE MODEL

1.0 INTRODUCTION. Preliminary tests have shown that the Space Shuttle
Orbiter Thermal Protection System (TPS) and Space Shuttle Main Engine (SSME)
nozzles are vulnerable to catastrophlic damage if struck directly by lightning.
A strike to ei;her of these vulngrable areas during launch would presumably
abort the mission since the TPS is essential to surviving the high temperature
entry conditions and the SSME's are essential for orbital insertion. This test ’
program was designed therefore to indicate whether the Orbiter TPS or SSME's

are in lightning strike zones on the Shuttle launch vehiele configuration.

The Space Shuttle Model Lightning Attach Point Test utilized the MDC
Lightning Test Facility and a 0.03 scale wind tunnel v ‘el (including External
Tank, SRB's and Orbiter) to determine where Ilightning may strike the Shuttle
during launch, Various configuratioens of simulated plumes were designed based
on inputs from a brief research study. These plumes were built and appended "
to the aluminum and steel medel to evaluate theilr effect on lightming attach :
point behavior. The test was conducted by suspending the 840 pound model (with
and without plumes between the high voltage output probe of the MPC 4.2 million
volt generator and ground (rod-plane gap). The model was rotated through a
series of angles with respect to the probe to simulate the different directioné
from which lightning may come. High voltage sparks (15-20 feet long) were
generated to the model in each positien, and the arc attachment peints were

recorded by phetography.

This work was conducted in the Engineering Physics Laboratory of McDonmell
Aireraft Company under Intercomponent Work Order No. 2GA, Supplement Ne. 1, to

McDonnell Deuglas Technical Service Co. (MDTSC). f

MECDONNELL DOUGLAS CORPORATION
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2.0 TEST ARTICLE

2.1 SHUTTLE MODEL. An existing .03 scale model of the Space Shuttle

including Orbiter, External Tank (ET) and 2 Solid Rocket Boosters (SRB) was
" used for this test program. The model was constructed of steel and aluminum
for wind tunnel testing and weighs approximately 840 pounds. The Model is
designated as Model No. 17 in the NASA-RIC inventory and represents an early
configuration of the Shuttle, which does not conform to the present config-
uration In many regards, e.g. ET nose protrusion, ET length, diameter and
surface detail, and Orbiter surface detail. It is fairly certain that these
details affect the capture angles of the ET nose and Orbiter extremities.
However, it is not believed that any major attach points on the Orbiter were
missed, nor woﬁld the attach points and capture angles of the aft hardware
and plumes be affected. It was necessary to remove eome out of date surface
detail from the model, and cover over the holes with conductive tape.
Photegraphs of the model are shown in Figures 1, 7 and 10 beginning on

page 23.

2,2 PLUMES. 1In order to obtain realistie lightnipg attach point data
for the Shuttle Launch cenfiguration, it was desired to account for the
effect of the exhaust plumes bf the Space Shuttle Main Engine (SSME)} and
the Solid Rocket Mctors (SRM). Several workers in the field were contacted
and a brief literature search was conducted in an effert te establish the
electrical, thermal and aeredynamic properties of the plumes as a basis for
simulating the plumes physically. Obviously there is no existing experi~
mental data en the plumes since the engines have not been bullt yet. In

fact, some of the design parameters are still in a state of flux although

MCDONNELL DOUGLAS CORPORATION
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the general characteristics of the engines are defined. Recourse was taken
therefore to the consideration of analytical predictions and experimental
data on similar existing engines. The data therefore carry a fair degree
of uncertainty and consequently the simulated plumes are an approximation of

the effected configuration.

2;2.1 SRM Plumes. Most of the plume data available are for solid
rocket engines. Impedance curves for a Minuteman exhaust were furnished by
Rockwell Interpmational (1, 2)* with a generai statement that the SRB plumes
are expected to be conductive for 1000 feet., Discussions with Mr. Bob Dunn

at Marshal SFC 3

revealed that the SRM's are more nearly identical to the
Titan strap-ons with very simiiar expansion ratios andlfuel compositiens.
However, the SRMs are slightly larger so Dunn suggested factoring actual
Titan plume data upward by the ratio of the engine diameters, i.e. 146/120,
or 1,22. TFrom Reference 4, the conductive leﬁgtb of the Titan soldid booster
plumes was measured to be 650 feet, Therefore, applying the scaling facter
would yileld a conductive length for the SRM plumes of 790 feet, This number

(5)

is consistent with ¥Krider's treatment of the Relaxation Time , whieh is

the ratio of the permittivity of the plume to its conductance. Using the

9 10 for

conductance data from Reference 2 and assuming a value of 1077 to 107
the permittivity, at about 800 feet the plume wiil exhibit a relaxation time
of 10_5 seconds, With an electron concentration of 108e-cm_3, fields less
than lOAV/m changing in times longer than 10_6 seconds will be excluded from
the exhaust. GQuoting Referenee 5, "Thus, as far as lightning is concerned,

the blackbedy part of the exhaust can be considered a metallic extension of

the vehiele."

*Parenthetical numbers designate references listed at the end of the report.

MCDONNEL L DOUGLAS CORPORATION
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Further insight into the solid rocket plume characteristics was
gained from the data from Nanevicz(k) vwitich indicated a charging
current of 50-100uamps produced by the Titan rocket exhgust, The
vehiticle potential was measured to be 20Kv just before the conductlve

part of the plume broke contact with the ground at 650 feet. The

effective resistance of the plume can thus be calculated directly from

ORm's Law as about 10° chms or an average of 10° ohms /meter. The
Apollo data in Reference 5 indicated the highly conductive blackbody
portion of the plume extended about one-third the length of the con-
ductive plume so that most of the resistance of the plume could be
attributed to the pertion aft of the blackbody section. It must

be cautioned however, that the engine may aet as a constant current
source regardless of the resistance of the plume and that the Apollo
plume spatizl characteristics may or may not be reflected in the solid

prapulsfon plume.

Another important variable is the effect of altitude on the con-
figuration of the plumes. Curves of plume diameter vs. altitude have
Been furnished by Rocketdyne and JSC(G). The data for the SEM's show
that from sea level to 20,000 feef the plume expands to only 1.4
times the ezit plume diameter. By 32,000 feet it has expanded by 2.3
times and by 80,000 feet it has expanded to about 5 times its seg
level diameﬁer.. Becauge of this wide variance 1t ts proposed that
a vorat case plume be defined., We know that although lightning
éctivity can extend up to 80,000 feet, 90 percent of all strikes to

afreraft occur below 25,000 feet(7). The Apollo 12 strikes occurred

MCDONNELL DOUGLAS CORPORATION
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at altitudes of 6,000 and 14,400 feet (5).

Since the plumes do not change
appreciably between sea level and 30,000 feet, it was declded to use the sea
level plume dimensions.in the simulation.

In summarizing the SRM plumes, they were determined to be over-expanded
plumes extending 790 feet beyond the exit plane (about 4 vehicle lengths)
with a maximum radius of 1.3 times the nozzle exit plane radius. The con-

ductivity is much higher (essentially metallic) for the first one-third of

the plume but with an average value over the length of 10—4 mhos/cm,

2.2.2 §SME Plumes. Rocketdyne and J5C have furnished analytical
data describing the plume diameters and plume conductivity. Early computer
runs at Rocketdyne yielded no conductivity data but the program was modified
to account for N2 dilution and was rerun. The JSC curves show the plumes to
be essentially cylindrical and non-intersecting at altitudes below 20,000
feet. However, there is no plume length data since the calculatiorns cut
off at the first Mach disc which is only omne or two nozzle diameters away.
Dunn of Marshall SFC suggests that about 5 nozzle diameters might be a
reasonable length to assume for the underexpanded, high expansion ratioc SSME
exhaust. Phlllips of Rocketdyne suggests two plume cycles or about 45 feet.
SSME exit diameter is an}y approximately 100 inches which would result in a
42 foot plume following Dunn's suggestien. These two sources were therefore
in excellent agreement on this eritical point.

The Rocketdyne data showed the SSME plume diameter oscillating along its
length and is included as Appendix A. However, Rocketdyne agreed that a
cylindrical approximation weuld be reasonable. The Rocketdyne conductivity
analysis'usiﬁg Np dilutien showed a surprisingly.high conductivity of 10'-5

mho/cm, essentially constant along the plume axis.

MOCOONNELL DOUGLAS CORFORATION
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No other existing data have been found on ionization or conductivity

(8)

of By-0, engines except that discussions with Bill Balwanz of NRL

2
revealed that, in general, liquid engine ionization is about 1/1000 of

s0lld engines, and hydrogen engines can be expected to be even lower than
most other liquids. The exhaust will be very transparent and clean burning
with no carbon particles to react with the atmosphere and burn, as in
kerosene engines; the chemical product is primarily H,0 énd molecular Hy,

in concurrence with the earlier Rocketdyne data. The iomization is generally
too low to measure in liquid exhausts experimentally. The plume simulation
finally adopted was based on a compromise, assuming that the SSME exhaust
will have a conductivity less than .. to .01 times the SEM value,

Data from Rockwell (9

concefning the SSME orientation angles show that
the upper engiﬁe is angled 16° away from the longitudinal axis of the vehicle
in pitch; the two lower éngines are angled 10° away from the axis in pitch
and are each angled 3.5° away from the axis in yaw.

Summarizing the 88ME plume data, at low altitudes the plumes are
essentially well collimated cylinders possibly arcund 45 feet long, trans-
parent and poerly conducting with an average conductivity on the order of

]

10 © mho/em or less.

2.2.5 Piume Simulation. One set of SSME plumes and three sets of SRM

plumes were fabricated for this test; the SSME plume set was the same for
each test using plummes. The SEM plume cenfigurations are designated as 4,

B and C for ease of reference and are described as follows:

Cuonfiguration: A -~ 6H-foot length, graded resistance
B - 6-foot length, fully conductive
C - 12-foot length; first 6—foot length fully

conductive; second 6-foot length graded resistance,

MCECDONNELL DOUGLAS CORPORATION
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The simulated plimes for the SRM's were constructed of plywoed, phenolic and
styrofoam as shown in the sketeh of Figure 2. The foam was wrapped with glass
tape and then sprayed with a coating of Kryleon for sealing purposes. The
plumes were then painted with graded resistance paints designed to produce an
equivalent gonductivity of 10*4 mho/cm. The fully conductive configuratien
was obtained by wrapping the basic 6-foot conductive plume with aluminum fell.
The SRM plumes were constructed in two intercomnecting 6-foot sections and
when threaded inte the SRB model base and cantilevered out herizontally, the
12-foot flumes exhibited a total deflection of the tip of less than 4-6 inches.
A phetograph of the graded resistance plumes is shown in Figure 3.

The SSME plumes were constructed of styrofoam and treated in the same way
to produce an equivalent conductivity of 10'-5 mhofem. The actual length of

the model SSME plumes was 15 inches.

MCDONNELL DOUGLAS CORPORATION
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3.0 TEST SEIUP

The test setup is shown in Figure 4 which shows the Shuttle model with
one section of SRM plumes and full SSME plumes installed. The model is
suspended by a 3/4 inch polypropylene line passing through brackets attached
to the ET body. The line passes over pulleys at the tops of 2 40-foot
utility poles and down te winches attached at the base of the poles. The
output electrode is suspended and controlled in the same way but with lighter
1/4-inch nylon lines. Additional 1ight-tie-lines were used as necessary to
ancnoer probe and'model to prevent movement by the wind.

The MDC 4.2 million volt simulater is a 42 stage marx surge generator
which is charged to a maximum voltage of 100kV per stage; the stages are
délacharged in series th;dugh spark gap switches to produce the high veltage

. output. The generator is housed in a 36 foot high fiberglass tower enclosed
by plexiglass sheets. For maximum veoltage operation the tower is filled
with a mixture of gaseous Freon-114 and zir which serves as a dieleztric
medium te prevent premature electrical breakdewn or internal arcing. The
cutput of the generator is affixed to an output resister which limits the
spark current and slows the cutput veltage ramp.

The output veltage waveform for holdoff (ne flashover) is shown in Figure 5.
The voltage rises to crest in less than 0.5 pseé. and decays to half value in
40 pusec. During flashover tests te the medel, timing waveforms as shown in
Figure 6 were taken to show the flashover time and streamer formation time.
The positive pulee is generated when the tower erects gnd.the negative pulse

is produced when the are cleses.

i ST O TET
B’E?E{}J_}LJUQ e o
ORIGINAL £8as 2
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4,0 TEST PROCEDURE

4,1 GENERATOR CHECKOUT, Prior te model testing the generator was

charged with Freon ard test shots fired: a) into an output voltage divider
to record the output waveform, and b) across the test gap to demonstrate

arc distance and te set photographic expdﬂure gettings,

4.2 MODEL POSITIONING. The first test sequence consisted of conducting

model attach point studies through the pitch axis with ne plumes attached.
The model was suspended by metallic brackets affixed to che extermal t;nk,
és shown in Figure 7. Three-quarter inch polypropylene lines attached to
the medel brackets were used to support the weight of the structure and to
wineh the medel to an initial test height of 6 feet; nylen lines fore and
aft were used to rotate the model through the range of test angles shown
in Figure 8, The model was initially positioned vertically with thg

high veoltage probe positioned at an average distance of 9 feet above the
model aleng the longitudinal axis. During the test sequence, the model was
rotated in pitech by adjustment of the nylen positiening lines tied fore
and aft on the medel, The angular displacement was mé#sured by sighting
through a protractor mounted on one of the utility poles supperting the

medel,

As sﬁpwn in Figure'B,.the medel was rotated through 180° seo that the
last positicn was with the ncse down and the high voltagé probe pesitiened
above the aft end. As the tests proceeded, the angular orientation was
adjusted 4in steps small enough to deterimine all probable attach pointé in

that plane.

MCDONNELL DOUGLAS CORPORATION
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Because of the extensive length of the SRM plumes, which extend approxi-
mately 4 vehicle lengths behind the nozzle exit plame, it is impractical to
simulate the full plume length for a test of this type. The .03 scale model
of the Shuttie launch configuration is 6-feet long and the full length of
the scaléd plume would be 24 feet, resulting in a total length of vehicle
and plumes of 30 feet all of which would have to be suspended in mid-air and
rotated precigely., It was therefore decided to gimulate the plumes in two
increments of 6-feet, which, when coupled with the no—plﬁme configuration,
should yield data which show the effect of plume length on attach point -
distribution. It was anticipated that little difference weuld be seen.between i
the 6 and 12 foot plumes, (the assumption was confirmed by the test results)
indicating that the simulatien of the full piume length was unnecessary.

In addition to variations in plume length, it was also decided to
investigate variations in SRM plume conductivity, especially over the first
section of the plume (nearest the vehicle) where the Minuteman and Apello .
data both indicated minimum electrical impedance. The conductivity variation '
was te be obtained by wrapping the resistive plume with aluminum foil.

Consequently, following the baseline (no plumes) sequence, the model
was lowered and graded resistance simulated plumes were attached te the SSME
and SRM nozzles {plume configuration A). The SSME plumes were full scale
length (15 iﬁches) and the SRB plumes were 6 feet long or 25 per cent of

.full.plume length.

With the plumes attached, the model was heisted teo a centerline height
of 12 feet above the ground and again rotated to the vertical position
(Figure 9). The model with plumes was then tested through the eritical
angles of pitch as before. Additienal tests were conducted by shifting the

high voltage probe laterally (as if rolling the model) and evaluating attach

MCDONNELL DOUGLAS CORPORATION
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points from that angle in an attempt to strike the main engine plumes.

The next plume configuration to be tested was Configuration B, the
fully conductive SRM plumes, one vehicle length in dimension with the basic
SSHE plumes. The first 6~foot SRM graded resistance plumes wire wrapped
with aluminum foil for this test and selected angles were evaluated to
determine 1f any changes in attach point behavior could be cbserved in
critical areas. The areas to be tested were determined by evaluation of
the observed attach peints in the previous tests. |

The final plume configuration to be tested (Configuration C) was the
2-vehicle length (12 foot) SRM plumes with the basic SSME plumes. A graded
resistance extension, six feet in length, was attached to the base plumes
already installed on fhe SRM's. A fully conductive base plume section
(metalliec) was used. TFor this sequence, the model height above ground was
reduced and the eritical test angles evaluated in a nose down attitude as
shown 1n Figure 9C.

Following the completion of the pitch angle series of tests, the model
was‘reconfigured to the first plume case (SSﬁE plumes and six feot resistive
SRM plumes) and the attachment brackets changed for the rell angle series.
The bracket attachment scheme for rell 1s showm in Figure 10. The model was
holisted teo an ele&ation of aix feet with the longltudinsl axis horizental and
the Orbiter on tep. The high voltage probe was positioned directly above
the model in the plane of the wing tips (trailing edge). The model was then
rotated ghrough 180° roll in steps as shown in Figure 11. Follewing this
sequence, the high voltage probe was shifted laterally as necessary to pick

up additional attach peint Information fore er aft of the wing tips.

MCDONNELL DOUGLAS CORPORATION
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4.3 FIRING AND DATA TAKING PROCEDURES. During the initial setup, a

series of test firings of the generator was made with no model in the gap.
This firing sequence was used to set the photographic exposure of the two

main data cameras. Two Orbit model reflex type cameras with Polaroid film
holders were used to phetograph each arc attachment test from 2 orthogonal
angles. The photographs from the test series were labeled and the attach

points recorded on a data sheet.

The generator firing sequence for a given test comsisted of first
positioning the model in the desired angular position, then loading and
cocking the cameras. After the test area was evacuated, the generator was
charged to the desired operating voltage and fired (about 1-2 minutes
required). Test persconnel then entered the test area teo reload'and cock
the camerag. This firing sequence was repeated up teo tem times for each
model erientatien. Where data was less eritical, fewer firings were used
and visual recording of attach points were used instead of photography
after the first shot. However, where there was much chance for visual error,

photographs were taken.

MCDONNELL DOUGLAS CORPORATION
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5.0 TEST RESULTS

The results of the lightning attach points tests are summarized by the
Attach Point Capture Angle diagrams in Figures 12 - 16. These diagrans
illustrate the attach points (termination of dark lines' on the vehicle) and
the capture angle of each attach point in that azimuth (defined by the cone
angle whose apex is at the attach point). For example, in Figure 12, the
attach points are the ET noze, the Orbiter nose, éyebrow and Qertical fin
tip, and the SRB nozzle. The Orbiter nese may be struck by lighiuing
approaching ffom.50° to 60° while the brow may be struck from 50° to 75°.
The azimuth is the longitudinal plane of symmetry, designated as 0° roll.
The open regions indicate "protected” zones where no direct strikes were
recorded. Figures 17 - 22 show representative attach point photographs
in the various medel/plume configuratioms. A complete tabulation of all
shots is included as Appendix B te this report.

Figure 23 1llustrates streamering photographs which were used to
supplement the direct strike data by showing where streamers aie heing
generated on the medel. The heavier the streamer activiry, the greater
the likelihood of drawing a direct strike. The photographs were produced
by providing a short auxiliary air gap out of the field of view of the
cameras for the arc to flashover. The streamers observed in the photes
were produced By the high éielda which exist befere the auxiliary gap

flashes over.

MCDODONNELL DOUGILAS CORPORATION 1
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6.0 DISCUSSION OF TEST RESULTS

As stated earlier, this test program was designed specifically to
determine thé likelihood of the Orbiter TPS and Main Engines being struck
by lightning in the event of a flash to the vehicle during launch. It was
not designed to closely identify every attach point and associated capture
angle on the Shuttle. For example, no specific effort was made to strike
the SRB nose or to define tﬂe switchover angle from ET ndse to the body on
the backside of the vehicle {opposite the Orbiter).

The reasons why complete 4 mapping was not conducted were partly
technical and partly a result of program lidmitations. Technically, the
fact that a very heavy (849 1bs.) wind tunnel medel was used greatly com-
plicated the support and orietation of the model. A light weight model could
have been mounted on a gimballed support structure which would allew orienta-
tion in combinatiens ef piteh and rell or pitch and yaw, thus allowing a |
complete mapping. However, the heavy podel had to be supported by brackets
mounted on axes passing through the center of gravity, thereby restricting
the planes of rotation te the lengdtudinal and lateral azimuths passing
through the CG. This restriction was overceome to some degree by mevenment
of the high voltage prebe out ef the plane eof rotation. This was done
during beth the pitch and rell series in an attempt te direct strikes to
the Main Engine nozzles or plumes.

The primary objectives of the program were achieved in that the Orbiter
extremities and windshield brow were observed te be Zone 1 (Direct Strike)
attach points showing that the TPS reglons on the top and sidesvef the
Orbiter are in the Zome 2 category {(swept-stroke region) und may be struck

during launch. However, it was clearly demonstrated by direct strike and

MCDONNELL DOUGLAS CORPORA Tl’bN
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by streamering tests that the Main Engines are effectively shielded from

direct strikes by the Orbiter vertical fin and the SRR plumes, and are not

therefore Zone 1.

The strikes to the Orbiter nose and brow, however, place the entire

fuselage (top and sides) in the Zone 2 category. Because of the restrictions

on model orientation, no information was obtsined on strikes to the leading
edge of the Orbiter wing. Therefore, it is not known with certainty whether
the top of the wing is in a swept-stroke zone or not. At least the inboard
section of the wing should probably be considered as Zone 2 because of the
large initial sweep angle of the wing (greater than 45°) .

Although it was shown that the SSME's are not subject to direet strike
attachment, the fact that the fuselage 1s subject to sweﬁt strokes raises
the question of whether a swept stroke might attach to a main engine bell
after sweeping the length of the fuselage and hang on long enough to either
burnt through the wall by high coulemb heating or blast through the wall by
a high current restrike. Windblown swept stroke tests on the model would

be required te answer the question of wehther the Main Engines are Zone 2,

MCDONNELL DOUGLAS CORPORATION
15

1
| R



MCDONNELL AIRCRAFT COMPANY

MDC A3155

7.0 CONCLUSIONS

Summarizing briefly the comclusions reached from the test data, 1t is

felt that the test ﬂrogram has demonstrated conclusively that althouvgh the

Orbiter may be struck by lightning on the nose, windshield eyebrow, vertical

fin tip and wing tips during launch, the main engines are protected and may

be considered safe from direct lightning strikes. These results are based,

of course, on the accuracy of the Shuttle model and exhaust plume data

furnished for the test. 7The Orbiter and External Tank configurations have

undergone changes since the model was built and the plume data are subject

to uncertainties. However, the data obtained leave room for scme uncertaianty

and the test results are probably valid in spite of the limited changes.

The direct strike testing was supplemented by Btreamering tests which

served to inerease confildence in the conclusion that the SSME's will not be

struck direetly. The photos show a very heavy umbrella of streamers from

the vertical fin and SRB plumes gshielding the main engines, Only very light

(almost imperceptible) streamering was observed from either the main engine

plumes or the engine bells themselves.

Other observations from the test include the following:

1.

Little difference was seen between +he 6 ft and 12 ft plumes, thus
substantiating the assumption that it was not necessary te simulate
the full plume length. Higher electrical conductivity of the SRB
plumes enhances the shielding of the main engines by taking strikes
from theVOrbiter vertiecal fin and previding a more overlapping
utbrella.

Strikes to the Orbiter nose and eysbrow place the entire Orbiter
fuselagé in a swept-streke zone during launch, It is conceivable

that a stroke could stlll sweep aft from a forward.attachment and

MCDONNELL DOUGLAS CORPORATION 16
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ultimately contact and hang on to a main engine bell. The engine
bell could then experience a high coulomb contiauing current and/er
high peak current.

3. Although most exit points of direct strikes to the Orbiter appeared
to be from the ET mose or SRB nozzles or skirts, direct strikes
were observed on the belly of the ET. With further work, strike
attach points could probably have been ohserved on the SRB walls
or noses as well.

4. No attach point tests were conducted on the Orbiter alone.
Therefore, the attach points observed during this test apply only

to the launch configuration.

MCDONNELL DOUGLAS CORPORATION
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8.0 RECOMMENDATIONS

Based on the results of this ﬂést, the following recommendations
are made:

8.1 1In order to fully answer the question of possible lightning
damage to the Main Engines, a series of awept stroke tests should be con-
ducted on the launch configuration model. Although medels cannot be used
in swept stroke tests to determine dwell time or skip distance across a
surface, a model can be used to identify trailing edge hangon points for
swept strokes. The model would be mounted in the swept stroke facility
windstream (headed into the wind) and rotated through various angles of
roll as shown in Figure 24. High speed and still photography would be
used to observe and record the windblown arc behavier in each rell
position, especially at the aft end of the Orbiter. The test should be
conducted with SSME and SRB plumes attached. Minor configuration modifica-

tions to prevent hangon to the SSME's sheuld be evaluated.

8.2 It is recommended that an additisqal attach point test series
be conducted on the Orbiter alone. The launch configuration strikes to
the Orbiter cannot be assumed to be valid for the free flying Orbiter and
the critical systems during entry include neither the TPS nor the Main
Engines which were focussed on during the past test series. The lighter
weight and smaller size of the Crbiter alone would allow mounting on a
gimbal support so that a compiete mapping could be conducted., The resulting
data would be used to define probable current flow paths through the vehicle
and to scope the necessary protection required for external sensors,

dielectric or composite structural areas and internal avionics sensors.

MCDONNELL DOUGLAS CORPORATION
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8.3 Since the nose, brow, vertical fin and wingtips of the Orbiter
have been shown to be Zone 1 attach points, it is recommended that a TPS
damage evaluation program be conducted based on the zonal information
provided by this program. Based on the Model Lightning Current Waveform
provided in the Space Shuttle Lightning Protection Criteria Document
.(Reference 10} the following evaluations should be made:

A.' High current damage tests should be conducted on structures in
the Direct Strike zones ueing 200 kilcamp strikes. Full scale
structural mockups, complete with TPS, should be used for these
tests. However, only the region immediatelv arcund the strike
point need be mocked up. For example, the- windshield brow
mockup might consist of a 36-inch long sectign ¢of windshield
molding (18 inches each side of centerline) ard a 24-36 inch
wide sec;ion of metallic fuselage structure extending aft of
the molding. Several (8-12) TIPS tiles should be attached as
in the flight configuration, although the entire panel need not
be covered with tiles for the TPS5 damage evaluation. Contrclled
200 1loamp high current strikes conducted to the TP5 section of
the panels will then give a true indication of the degree of
damage which can be anticipated in the direct strike zones.

B. Swept stroke damage tests should be conducted on simulated fuselage
structures repfesentative of the nose and brow regions. Full-scale
mockups of the fuselage structure extending back six feet fromrthe
nose and brow attach point regions should be expcsed to windblown

continuing current arcs and to high current restrikes.

MCDONNELL DOUGLAS CORPORATION
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These panels should be 4 to 6 feet acreoas and about 6 feet long,
molded to the proper curvature and incorporating surface detaill
such a3 antenna mountings, access doors, fasteners, and proper
skin thickness. The panels should be covered with the proper

surface insulation over their full area.

The panels should be mounted as shown in Figure 24B and
exposed te a windblown arc, which initlally attaches to the leading
edge of the panel and is subsequently blown back across the panel
by the windstream. The arc current should be several hundred
amps (based on the Model Lightning Strike continuing current
component) and should accurately simulate high coulomb burnthrough
damage to the metal substrate. The arc dwell time, skip distance
and damage to the TPS should also accurately simulate actual
strike conditions, for either launch or descent phases of the
mission, The tests should be run with and without high current

restrikes since either or both cases may occur in flight.

The Aata can be used to predici the damage to beth metal
substructure and to the TPS, It can also be used to determine
whether protection is needed for components such as antennas,
probes, etc, mounted in swept stroke regions. Although the TPS
design may mnot be subject to change as a result of the tests,
minor changes in the substryucture and component mounting configura-
tione may be indicated which could easily be incerporated, perhaps
eliminating the possibility of catastrephic damage or the need

to specifically protect individual components if they are shown

MCDONNELL DOUGEAS CORPORATION 20
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to be adequately protected by the TPS. In addition, the damage
observed on the TPS can be used to good advantage in the repair

program recommended below.

It is recommended that a series of high current damage tests be
conducted on TPS panels teo determine degree of damage as a function
of current level. 8Since the vehiecle is unlikely to see the

(10) during launch, (99 per cent

severe Lightning Medel current levels
of all strikes are less mevere) it would be desirable to obtgin
data en the brobable leval of damége which can be expeciad.
Average lightning current levels (whiech would likely predominate
in any strikes experienced under realistic launch cenditions)

are closer to 20 kileoamps than 200 kiloamps and the damage should
be acéordingly much less, The data from this test series can

be used to check against thermal and aeiodynamic conditions to
determine the impact on mission success. The data can also be

used to previde guldelines to pessible EVA repalr procedures.

MCDONNELL DOUGLAS CORPORATION
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9.0 SUMMARY OF RESULTS

Lightning Attach Point studies have been completed on a 0.03 secale
model of the Space Shuttle Launch configuration (Orbiter, External Tank
and Solid Rocket Boosters). A series of 250 long spark tests (15 to 20
foot sparks) determined that the Orbiter may be struck directly during
launch on the nose, windshield brow, tail and wingtips but not on the
tain engine nozzles which have been shown to be vulnersble to lightning
damage. The Orbiter main engine and SRB exhaust plumes were simulated
electrically with physical models coated with graded resistance paints.
The tests showed that the exhaust plumes from the SRB provide additional
protection fof the main engine nezzles. However, the tests showed that
the Orbiter Thermal Protection System (TPS), which has alse been shown to

be vulnerable te lightning damage, may be directly struck during launch.

Therefore further work i1s indicated in the areas of swept stroke studies on

the model and on TPS panels. Further attach point testing is alse indicated

on the free-flying Orbiter.

MCDONNELL DOUGLAS CORFPORATION
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FIGURE 3 - GRADED RESISTANCE SRB PLUMES
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FIGURE 10 - ROLL AXTS BRACKET INSTALLATION

MCDONNELL DOUGLAS CORPORATION

it

MDC A3155

FIGURE 10

31



N B
4 Sede siden

L MDC A3155
-90°

- -20°
—
L ] 0°
S
\ 7.0-0
\\‘~ 3p°
‘\\\ 40°
\ e
w
* FIGURE 11
- gon —_—
32

FIGURE 11 - ROLL ANGLE ORIENTATIONS




MDC A3155

MCDONNELL AIRCRAFT COMPARNY

SHWNTd ON “SIXV HOLId-WVAOVIA A'TONV FuNLdVD - 21 Adn9id

o081

o0LT

FIGURE 12

MCDONRNNRNELL DOUGLAS CORPORA TION

33



MDC A3155

MCDONRANELL AIRCRAFT COMPANY

SHWN'ld #¥S HATLSISHY ,9

“SIXV HOLId - WVMOVIA AI9NY A¥NLAYD - €1 Aunold

<06

S

FIGURE 13

MCDORNELL DOUGLAS CORPORATION

34



——

MDC A3155

MCDOANNELL AIRCRAFYT CORMPARNY

AN

RFP

U.

SHWNTd 44S HATIONANOD ,9

‘SIXV HOLId - WVYOVIA ATONV TdNLdAVO - %T TdN914

FIGURE 14

MCDORRNELL DOUGLAS CORPORATION

35



i

MDC A3155

MCDONANNELL AIRCRAFT COMPARY

oD

SHWNTd

i T

‘SIXV HOLId - WVIOVIA TIONV

oSl

TANLIYD - ST HuNOId

SATIOTPUO)  BATIONPUO)
ATTINg A1TeT3aRg

206

FIGURE 15

MCDORNELL DOUGLAS CORPORATION

36



MDC A3155
MCDONNELL AIRTRAFT COMPANY

-90°

REPRODI

i

L

+25°

FIGURE 16 - CAPTURE ANGLE DIAGRAM - ROLL AXIS,
6' RESISTIVE SRB PLUMES

FIGURE 16
MCDONRNNELL DOUGLAS CORPORATION

37



REPRODUCIRILITY CF
ORI

i

Shot #20 .(75"

ary y e v

NACISOINIE L AP iz s

TN

rIINAL: L : 1D

T

(Pitch)

5/«
JA A

ERTPANY

it

TN



REPRODT F
ORIGINAL Al

RYCIFONNELL AIRCHIAFTYT . ORMPANY



MEACCEICIIUIN G

(+50"

T

ECORTFANY




114
T




tj* fr:._)l--gﬁvv“--» e
HBRABTGIEILITY OF THE

(\t\\ AT & .
RIGINAL PAGE 18 PUOOR

1 liNSALY










AR : Uhoate,

MCDORNELL AIRCRAFT COMPANY MDC A3155

Overhead Rail sving Ar
~—Electrode

X Wind Tunnel
Outlet

Wind —a—

Veloctity———
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FIGURE 24B - SWEPT STROKE LIGHTNING TEST ON TPS PANEL
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APPENDIX A
SSME EXHAUST PLUME DATA FOR LIGHINING MODEL STUDY

Inclusive pages: 47 - 51
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PLUME CONDUCTIVITY. A value for 'plume conductivity was calculated

from the relationship

Conductivity = Ne

electron density/GM3

where N

e = electron change

m electron mass

and B, = electron cellisjon frequency.

The resultant value is 3 X IO-Smho/Cm, and is esseatially constant along

the plume axls, desplite the oscillatory nature of the plume. The ratio

of N to g, remains relatively constant because gr'is a function of N.

The SSME exhaust was thought to be a poor conductor, as the combustion
products are essentially molecular water and hydrogen. (The conduetivity
of distilled water is 2 X 10—6mho/cm, and for saturated NaCl solution

2 X lo_lmho/cm.) However, though lacking in free ions, the exhaust

contains a high concentration of free electrons, as determined by a N-element
performance analysis prﬁgram commenly used at Rocketdyne. This program
was perturbed by introducing N2 diluents into the propellants at percentages
of 0.1%7 and 1% (to create NO ions) with negligible effect. Therefore the
BIX 10_5 conductivity value is felt adequate and within sensible bounds

for simulation purposes.

MCDONNELL DOUGLAS CORPOGRATION
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PLUME GEOMETRY. Single Engine SSME plume peometry for sea level,

30K ft and 88K £t altitudes was created from a Rocketdyne Plume Analysis
IBM program, which iterates the plume jet boundary with respect to the
internal ahock structure, based upon combustion properties along the
thrust axis. Data 1s computed norwalized to the MCC throat radius, and
was éonverted manually to dimensional coordinates as presented in Table Al.
A smooth curve graphic representation of these data points is included

for Information purposes as Figure Al.

For modeling purposes, Rocketdyne has recommended the following:
a) There is negligible effect on the outer piume boundary for the 3
engine cluster combination even though the inner plume boundaries

will intersect at some altitude between sea level and 25K ft.

b) For conductivity simulation, the model could be represented
by either a thin wall (hollow) shell of material having a constant
volumetric conductivity, or a selid dielectrie shspe with an
applied surface conductor. The bulk of the combustion products is
concentrated adjacent to the jet boundary, with very low pressure

(and density) effluents in the central portion of the exhaust.

The geometric shapes generated by the IBM program were further checked
by a GE program (Jet Dimensional Prediction by Integral Mr _hod) with

adjustments made for entropy.

MCDONNELL DOUGILAS CORPORATION
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TABLE Al -
SSME SINGLE EMGINE EXHAUST PLUME DIMENSTONS
*SUBTRACT 121.2 FOR (JET BOUNDARY)
DIST. FROM EXIT
AXTAL COORD (INCH) PLUME RADTAL COORD Y (INCHES)
FROM THROAT VS ALTITUDE
SEA LEVEL (1) 30,000 FT (2) 88,000 FT (2)
X% ¥ Y Y
A (Exit) :

128.7 43.8 46.3 47 .4
141.6 42.5 47.9

154.5 39.9 48.4 56.6
167.4 36.1 48,9

180.2 30.9 48.9 A 64.9
193.1 25.7 48 .4

206.0 21.1 46.9 72.1
218.9 15.9 45.8

231.7 15.5 B 45.1 76.7
244 .6 16.5 43.3

257.5 23.2 41.7 81.4
270.4 29.9 40.1

283.2 36.1 37.6 85.0
296.1 41.2 36.5

309.0 44,8 34.0 87.5
321.9 46.9 33.5

334.7 47.9 C 31.4 90,1
347.6 47.6 30.4

3605 46.3 29.9 91.4
373.4 29.3

386.2 28.8 B 91.9
399.1 29.9 92.4 A
437.7 91.9
463.5 90.9
489.2 90.1
515,0 87.5
540.7 85.0

TABLE Al (Cont'd)
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{Cont'd)
AXTAT, COORD (INCH) PLUME RADIAL COORD ¥ (TNCHES)
FROM THROAT VS ALTITUDE
SEA LEVEL 30,000 *T 88,000 ¥T
X* Y Y Y
566.,5 81.4
392,2 76.7
618.Q 68.9
6437 64 .4
669.3 60.3
695.2 58.7
721.0Q 57.7
746.7 56.6
772.5 55.6 B
798.2" 56,6
4 = 18T CYCLE CREST
B = 18T CYCLE NODE
C = 2NBD CYCLE CREST
(1) For SEA LEVEL PLUME, 2nd and subsequent cycles are symmetie
and identical te B to C 1/2 cycle.
(2) For 30K and 88K PLUMES, 2nd and subsequent cycles are symmetric

and ldentical to A te B 1/2 cycle,

TABLE A1
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APPENDIX B

RAW DATA SHEETS

Inclusive pages: 33 - 60
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