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TECHNICAL MEMORANDUM X-73322

EXTERNAL TANK GASEOUS OXYGEN LINE
SIMULATED LIGHTNING TESTS

|. INTRODUCTION

Artificial lightning tests have been carried out on samples of stainless
steel tubing filled with gascous oxygen (GOX) at simulated flight conditions of
4.14 x 10° N/ m? gage pressure (600 psig) and 302°C (575°F). The purpose of
these tests was to evaluate possible lightning damage to the GOX line that
extends along the outside of the Shuttle External Tank (ET). These tests were
performed according to, and cxcceding, the Shuttle Lightning Protection Speci-
fication JSC-07636, Revision A, for Component Testing. No malfunctions
occurred when the tests were conducted according to JSC test specifications.

Some tests, which exceeded the JSC specification, were conducted to
deliberately cause a test specimen puncture. These tests were to evaluate the
possible damage that could result from the escaping hot GOX in the presence
of hot metal or lightning hang-on. Bascd on a test specification minimum vehicle
velocity of 19.5 m/s (64 [t/ s) and from the results of these tests, it is con-
cluded that therc will he no malfunction of the noninsulated GOX line as a result
of a lightning strike.

Il. DESCRIPTION OF TESTS

A diagrammatic representation of a lightning model is shown in Tigure 1.
According to the Shuttle Lightning Protection Test Specilication, JSC-07636,
Revision A, Appendix A-1, Deviation, the GOX pressurization line will only be
required to withstand the lightning model' s second return stroke at a vehicle
minimum velocity of 19.5 m/s (64 [t/s). This model can be represented for
the purposcs of testing by a high current, an intermediate current, and a 400
amp continuous current,  The current wavelorms required by the test speci-
fications for testing the GOX line are as lollows:

[w——



a. High Current Test — A 10 kllz damped sinusoidal waveform, 50 000
amp peak.

b. Intermediate Current Test — A waveform with 1 ms rise time and a
2 ms fall time to 50 percent amplitude and a peak current of 2500 amps.

c. 400 Amp Continuing Current Test — A 400 amp swept stroke current
at a simulated vehicle velocity of 19.5 m/s (64 ft/s).

All of the GOX line samples used in thesce tests were cither 304 or 321 stainless
steel tubing, 5.08 cm (2 in.) in diameter with a wall thickness of 0.051 em
(0.020 in. ). A stainless steel plate was welded to cach end of the sample and
fitted with a tubing connector. For the tests, the samples were heated to 302°C
(575°F) and filled with GOX, from a continuous flow regulator, ‘to a pressure
of 4,14 N/ m? gage pressure (600 psig) to simulate Might conditions.

A. High Current Tests

The test facility used for the high current test is shown in Figures 2 and
3. A photograph of a typical test current wavelorm is shown in Figure 5. Tests
were conducted with a peak current ranging from 60 000 to 140 000 amps. The
external damage to the GOX linc sample, alter the 140 000 amps simulated
lightning strike, is shown in IFigurc 4.

Therc was very little damage to the GOX line samples [rom these high
current, short duration tests (Table 1). The test specimens had extensive
external metal movement and discoloration ( Fig. 4 ) but very little wall thinning.
The wall thinning was only 0,008 cm (0,003 in.) after the test of 140 000 amps.

B. Intermediate Current Tests

The test facility shown in Figures 2 and 3 was used for the intermediate
current tests. A photograph of a typical test current waveform is shown in
Figure 6, and a photograph of the inside surfaces of live lightning strike tests
1s shown in Figure 7. Three of these samples are of single strike tests, where
no punc‘ures occurred. The other two samples are ol multistrike tests in the
same arca on the specimen to purposely obtair a sample puncture. The external
surfacc arca and hole, after a multistrike test, is shown in the photograph of
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Figure 8. It was necessary to have a puncture occur from a simulated lightning
strike to assess the damage caused from the escaping hot oxygen in the presence
of hot metal or a hot spark. Although the actual test current waveform did not
meet the test specification curve width, the peak current amplitude was much
higher, and the total energy discharged into the samplec exceeded specifications.

It should be noted that no problems occurred when the artificial lightning
tests were made within test specifications,

Results of single strike tests were as follows:

1. Therc was extensive cxternal metal movement and discoloration.
2. There was discoloration of the internal wall (Fig. 7).

3. Wall thinned approximately 30 to 50 percent.

4. No puncturc of the specimen occurred.

Results of multistrike tests were as follows:

1. First sample puncturced with a sccond strike in the same arca causing
a small hole, approximately 0.010 em (6,004 in.) in diameter, Figure 7,

2. Sccond sample punctured with a third strike in the same area causing
a larger hole than the first, approximately 0,190 em (0,075 in.) in diametor

(Figs. 7 and 8).

3. GOX NMow through the holes extinguished the arc in both samples
(Fig. 9).

4. GOX pressure was maintained despite the hole.

5. Metal around the holes was pushed out and ragged due to the outward
flow of GOX.

6. High speed (5000 [/ 8) movie film was made of these tests showing
the arc being extinguished.

A summary of the tests, test conditions, and test results are shown in
Table 2.
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C. High Altitude Tests

These tests were made to determine the comparative effects of a lightning
strike at ground level and at a high altitude. A simulated altitude of 15.24 km
(50 000 ft) was chosen. The intermediate current test facility ( Fig. 2) and
current waveform (Fig. 6) were used to perform thcse tests. The sample and
high current electrode were placed inside a vacuum chamber, and two series of
tests were made under the same conditions, except for the reduced sample
external pressure of 1,17 N/ m? ahsolute (1.7 psia) to simulate an altitude of
15.24 km (50 000 ft).

Results of tests at atmosphere pressure were as follows:
1. TFive strikes in the same arca were required to puncture the sample.

2. The holc was approximately 0.076 X 0.152 em (0.030 X 0,060 in. ).
Edges were pushed out and jagyged.

Results of high altitude tests (15.24 km) were as follows:

1. Twelve strikes in the same arca were required to puncture the
sample.

2. The holc was so small that a microscope was requircd to locate the
opening.

A summary of the tests, test conditions, and test results arce shown in i

Table 3. ‘

D. 400 Amp Continuing Current Tests

To tes. and cvaluate the 400 amp continuing current portion of the
lightning model, five samples were tested: one sample was used for a stationary
test (Table 4), and four samples were usced for the swept stroke tests (Tables
5 through 8). The facility shown in Figurc 10 was used to perfo.. all of the
400 amp tests. A photograph of the test facility and tne GOX line sample is
shown in Figure 11.
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1. 400 Amp Stationary Test. This test, though exceeding specification:
was performed to assess the damage to thc GOX line from a possible burning
around the edges of the puncture (causing a large hole) due to the hot GOX and
a conceivable lightning current attachment to the line at the point of the puncture.
The test was made by initiating the 400 amp arc on the stc2l tab (Fig. 10),
turning the inert gas off, and then moving the arc onto the sample. The are
was then stopped and held over the puncturc.

Results of 400 amp stationary test were as follows:
a. Punch through occurred immediately.
b. Therc was no flame.

c. The hole remained small, approximately 0,178 ¢m (0.070 in.)
diameter.

d. The GOX cextinguished the arce.
c. The flow of GOX caused fast crosion of the hot electrode.

A summary of the tests, test conditions, and test results are shown in
Table 4.

2. 400 Amp Swept Stroke Tests.  The 400 amp swept stroke tests were
made by initiating the are on the steel tab (Fig. 10), turning the inert gas off,
and triggering the travel mechanism to sweep the are along, the length of the
sample. Scveral different are travel speeds were tested with cach sample, |

Results of 400 amy; swept stroke tests were as follows:

a. No puncturc occurred with an are travel speed in exeess of 0,91 m/ 8
(31t/8).

b. A test was made over a prior arve path (‘I'able 6); the sample burst
along the prior are path upon are contact with the damaged section (Fig, 12).

c. ALO.79m/s (2.6 101/s), the 100 amp are traveled approximately
18 em (7 in.) along the sample before a puncture oceurred, ‘Table 8, Fhe
sample then burst along the traversed path of the are (Fig, 13).



A summary of the tests, test conditions, and test results are shown in
Tables 5 through 8.

[1l. CONCLUSIONS

When the tests were made in accordance with test specification JSC-
07636, Revision A, no failure occurred in any of the test samples. Although
there was a definite wall thinning during the intermediate current tests, there
were no indications of a probable punch-through; but if a punch-through did
occur, it should cause no specific problems hecause the flow of GOX would tend
to extinguish any flame. In the intecrmediate current tests, when the specifica-
tions were exceeded and the samples punctured, there were no signs of flame,
the holes remained small, the GOX extinguished the are, and there was no loss
of GOX pressure.

If a severe lightning strike did damage a section of the GOX line and a
puncture did rcsult, the damaged section would probably rupture or burst.
However, this problem only occurred at simulated velocities of less than 0. 79
m/s (2.6 ft/ 8) which is far below the swept stroke test specification minimum
velocity requirement of 19.5 m/s (64 [i/s).

Based on the lightning test specification requirements and the results of
these tests, it is concluded that a lightning strike should not cause a malfunction
in the GOX line made from the materials tested and if the line is noninsulated.
If the GOX line is insulated or covered with a thermal protective material,
these tests may not he valid because of the increased lightning hang-on time.
Therefore, the addition of any type of insulation to the GOX line will require
additional testing of the new line configuration,

6
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Figure 5. Typical high current wavelorm.
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Figure 6. Typical intermediate current waveform,
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Figure 8. Sample after 3 strikes in same area (hole 0.190 cm diameter).
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Time Tg=0 Time T4 =Tg+ 0.6 ms
- - »
. ys
’ B
« #
o v
TimeTa=Tp+ 1.2ms TimeT3=Tg+1.8ms

GOX flow through hole in sample extinguishes arc. Arc and hole
were made by the third intermediate current strike in the same
area. Hole was 0.190 cm (0.075 in.) diameter.

Figure 9. Intermecdiate current deliberate puncture test.
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TABLE 1.

HIGH CURRENT TESTS

GOX pressure

GOX temperature

Test current waveform

Test facility
Capacitor bank
Test facility R
Test facility L
Matcrial

Wall thickness

Test Conditions

4,14 x 10° N/ m? gage pressure

(600 psig)

302°C (575°F)

Figure 5

Figure 2

360 pf, 18 000 J
Distributed line resistance
Distributed line inductance
304 stainless steel

0.051 em (0.020 in.)

Diameter 5.08 em (2 in.)
1ength 27.94 em (11 in.)
Test Pecak
Strike Current
No. (kA) Results
1 GO Slight surface damage and dis=~
coloration
2 411} Slight surface damage and dis-
coloration
3 140 Consideralle surface metal

movement and dark discolora=
tion with a minor wall thinning
ol approximately 0,008 em
(0.003 in.)

19

e

Dot Sabtodiin

5 et e PR,

ST AT T A RTINS AT by or  swmd e 5 4 o

A

e WA 12800 A AT DS o, A B WSy e e e



20

TABLE 2, INTERMEDIAT:! . JRRENT TESTS

Test s

GOX pressure

GOX temperature

Test current waveform
Test facility

Capacitor bank

Test facility R

Test facility L

Sariiions

O s

Material
Wall thickness
Diamcter
Length
Test Peak
Strike Sample  Current
No. No. (kA)
1 1-15-2 5.5
2 2-15-1 5.0

4.14 x 10® N/ m? gage pressure

(600 psig)

302°C (575°F)
Figure 6

Figurc 2

720 pf, 36 000 J
1. 35 ohms

400 pil

304 stainless stecl

0.051 em (0.020 in.)
5.08 em (2 in.)
27.94 ¢m (11 in.)

Results

Photographs of the results of
these tests are shown in
Figure 7.

Single strike — extensive
extermal damage, internal
wall discoloration, wall thin-
ning to 0.028 em (0.11 in.),
no puncture,

Single strike — extensive
cxternal damage, intemal
will discoloration, wall thin-
ning to 0,036 ¢cm (0,014 in.),
no puncture.
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TABLE 2. (Concluded)
Test Peak
Strike Sample Current
No. No. (kA) Results
3 1-2~ 5.5 First strike — extensive
20-2 external damage.
4 1-2~ 5.0 Sccond strike same arca —
20-2 puncture, small hole 0.010 cm
(0.004 in.) diamete., cdges
are pushed out and very rag-
ged, GOX flow through hole
extinguished are (Fig. 9).
GOX pressure was maintained.
5 1-21-3 5.0 Single strike - extensive external
damage, internal wall discolora~
tion, no puncture
G 2-3-4- 5 First strike - extensive external
21-: damage
K 2-3-4- 5 Scceond strike same arca - more
21-3 damage
) 2-3-4- 5 Third strike same area - punc-
21-3

ture, O, 100 em (0,075 in,)

dinmeter hole, cdges pushed out
ond rageed, See Figure 8. GOX
pressure was maintained, Some
verv good high speed movie Tilin

(500 frames/ sceond) was taken of

this test,
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TABLE 3. HIGH ALTITUDE TESTS

Test Conditions

The atmospheric pressure tests and the simulated high
altitude tests werec conducted under the same conditions,

except for the reduced sample external pressure to simulate

15.24 km (50 000 ft) altitude. These tests were made
together for the purposc of comparing results. The inter-
mediate current waveform of 5 kA pcak was used for the

tests.

GOX pressure

GOX temperature
Test current waveform

Test facility

Capacitor bank
Test facility R
Test facility L

Material
Wall thickness
Diamcter
Length
Test Peak
Strike  Current
No. (kA)
1-5 5
1-12 53

4.14 x 10° N/ m? gage pressure

(600 psig)

302°C (575°F)
Figurc 6

Figure 2

720 pf, 36 000 J
1.35 ohms

400 pli

321 stainless steel
0.051 c¢cm (0.020 in.)
5.08 cm (2 in.)
30.48 em (12 in.)

Results

At atmospherice pressure of 1.01 x 10°
N/m? (14.7 psia), five strikes in the

same arca were required to puncture

sample. The hole was approximately

0.076 X 0.152 cm (0,030 X 0.060 in.)

pushed out and jagged.

At a pressure of 1,17 x 107 N/m?
absolute (1.7 psia) simulating an
altitude of 15.21 km (50 000 ft),
twelve strikes in the same arcea were
required Lo puncture ibe sample. The
hole was so small that a microscope
was required to find the opening,
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TABLE 4. 400 AMP STATIONARY TEST

GOX pressure

GOX temperature

Test current

Test Conditions

4.14 x 10° N/ m? gage pressure
(600 psig)

302°C (575°F)

400 amps continuous

Test facility IFigure 10

Material 321 stainless steel
Wall thickness 0.051 em (0.020 in.)
Dizmcter 5.08 em (2 in.)
Length 30,48 em (12 in.)

Test Procedure

Initiate arc on steel tab (Fig. 10)
Turn off incrt gas.
Move arc onto sample.

Hlold arc and hot clectrode above puncture.

Test Results

Hole occurred immediately.

No flame, the hole remained small approximately
0.178 cm (0.070 in.)

The GOX extinguished the are.

The flow of GOX crodled the hot electrode.
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TABLE 5. 400 AMP SWEPT STROKE (SAMPLE 1)

Test current

Test facility

Material
Wall thickness
Diameter
Length
Test Arc
Strike Travel,
No. m/s (ft/ s)
1 0.46 (1.5)
2 0.31 (1.0)
3 0.46 (1.5)

Test Conditions

400 amps continuous
Figure 10
321 stainless steel

0.051 ¢cm (0.020 in.)
5.08 cm (2 in.)
30.48 cm (12 in.)

Results

GOX pressurc — atmospheric

GOX temperature — ambient
Sample pressurized after test — no leak.
Sample pressurized after test — no leak.

GOX pressure — 4.14 x 108 N/m? gage
pressure (600 psig)

GOX temperature — ambicent

Puncturcd upon arc contact with
sample,

GOX extinguished arc.
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TABLE 6, 400 AMP SWEPT STROKE (SAMPLE 2)

Test Conditions

GOX pressurc

GOX temperature

Current

Test facility

Material
Wall thickness
Diameter
Length
Tcest Arc
Strike Travel,
No. m/s (ft/s)

L N e

i ]

2.89 (9.5)
2.71 (8.9)
2.44 (8.0)
2.26 (7.4)
1.80 (5.9)
1.49 (4.9)
0.79 (2.6)

4.14 x 10° N/ m? gage pressure
(600 psig)

Ambhient

400 amps continuous
Figure 10

321 stainless stecl

0.051 em (0.020 in.)
5.08 em (2 in.)
30.48 ¢m (12 in.)

Results

No puncturc
No puncture
No puncture
No puncture
No puncture
No puncture

Sample burst. ‘I'his test was
over the same arce path as test
number 6. Sample burst along
the prior path upon arce contact
(vrig. 12).
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TABLE 7. 400 AMP SWEPT STROKE (SAMPLE 3)

Test Conditions

GOX pressure

GOX temperature

Test current

Test facility

Material

Wall thickness
Diameter

Length

Test
Strike
No.

Arc
Travel,
m/s (ft/s)

1.80 (5.9)
1.49 (1.9)

4.14 x 10% N/ m® gage pressure
(svu psig)

302°C (575°F)

400 amps continuous
Figure 10

321 stainless steel

0.051 cm (0.020 in.)
5.08 em (2 in.)
20.48 c¢m (12 in.)

Results

No puncture

No puncture
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TABLE 8. 400 AMP SWEPT STROKE TEST (SAMPLE 4)

Test Conditions

GOX pressure 4,14 x 10° N/ m? gage pressure
(600 psig)
GOX temperature 302°C (575°F)
Current 400 amps continuous
Test facility Figurc 10
Material 321 stainless steel
Wall thickness 0.051 c¢m (0.020 in.)
Diameter 5.08 em (2 in.)
Length 30.48 em (12 in.)
Test Arc
Strike Travel,
No. m/s (It/s) Results
1 1,58 (5.2) No puncture
2 1.13(3.7) No puncturc
3 0.91 (3.0) No puncture
4 0.79 (2.6) Sample burst, At 6.79 m/s

(2.6 1t/ s), the 100 amp arc
traveled 18 em (7 in.) along
the sample before a puncture
occurred, ‘The sample then
burst along the traversed
arc path (g, 131).
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