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Preface

Part A summarizes the various analysis tasks
performed during the course of the investigation
in areas related to thermodynamics, heat transfer,
and fluid flow. Of the many analyses performed in
support of the investigation, only the most perti-
nent are included in this report.

It must be emphasized that these analyses are
very preliminary in nature, being performed in most
cases on extremely short notice. As such, any in-
formation derived from them should be taken in this
context and any conclusions drawn should also be in-
fluenced by tests performed subsequent to these
analyses.

Part B summarizes the various tests performed
during the course of the investigation of the
Apollo 13 cryogenic oxygen tank ancmaly. The com-
Plete test evaluation reports may be obtained from
the Apollo Test Division, PT2, Manned Spacecraft
Center, Houston, Texas T7058.



PART A

REPORTS OF ANALYSES PERFORMED IN SUPPORT
OF THE CRYOGENIC OXYGEN TANK 2
ANOMALY INVESTIGATION



A.l THERMODYNAMIC ANALYSIS OF APOLLO 13 OXYGEN
TANK 2 PRESSURE VESSEL BASED ON HOT--GAS

EXPULSION MODEL

A.1.1 Statement of Problen

A thermodynamic analysis is required to describe the stratification
Phenomenon oceurring in oxygen tank 2 between 55:53:21 and 55:54:53.

More specifically, it is required to:

(a) Calculate the total heat input and heat input rates required

to produce the observed pressure trace

(b) Calculate the hot-gas volumes and masses required for the ob-

served pressure trace (as a function of assumed hot-gas temperatures)

(c) Determine whether or not a premature opening of the relief
valve at 955 psia could have occurred to produce the relatively flat

(4 psi/15 sec) pressure plateau at the beginning of region II

(d) Using an extrapolated heat rate at the beginning of region III,

determine the expulsion rate required to produce the cbserved pressure

decay.

4.1.2 Description of Analybical Model and Assumptions

The formulation of the analytical model was based on the existence
of a heat source within the tank, loecated in the upper region of the
capacitance probe. TIn the absence of a gravity field, this heat source
creates a localized hot-gas mass in the fluid-exit region of the tank,
which grows with the addition of heat and contracts with fluid expulsion
from the tank. In the event the hot-gas mass becomes completely exhaust-—
ed, cold fluid begins flowing from the tank.

Two thermodynamic boundaries are considered in the analysis. One is

the interface between the hot-gas mass and the cold fluid; the other is



the pressure-vessel inside wall. For analytical purposes, a distinct
interface is assumed between the hot and cold fluids. It is assumed that
the hot-gas mass is at a constant temperature and is thermally insulated
from the bulk cold fluid; therefore, a sharp temperature gradient exists
between the stralified gas mass and the cold fiuid. Due to the low ther-
mal conductivity of supercritical oxygen under these conditions of tem—
perature and pressure and the short times involved, (1ess than 100 seconds)
this assumption is reasonable. To further illustrate this point, fig-
ure A.l-l shows the tempersture distribution as a function of time through
an idealized wall of supercritical oxygen, as calculated from the error
function solution of Schneider {ref. 1). It is seen from figure A.1-1
that for a 347-degree temperature difference between the heat source and
the cold fluid at a pressure of 900 psia, after 5 minutes 90 percent of
the temperature drop in the fluid takes place less than 1/2-inch from the

heat source.

The internal heat (igrnition) source within the hot-gas mass causes
mass to be transferred into the hot-gas region from the cold buik fluid.
The ignition heat source heats the cold fluid from eryogen temperature
to "flame" or hot-gas temperature. The eryogenic temperature is known,
but a hot-gas temperabture must be assumed. Whis temperature then becomes

a parameter in the study.

Mass leaves the hot-gas region via expulsion through the system
supply line. Since the hot-gas mass is assumed to be at the top of the
tank in the exit region, this gas mass must be completely exhausted before
cold fluid can flow out of the tank. Pressure equilibrium between the
hot and cold regions is assumed at all times. Mass diffusion between the

hot-and cold-gas regions is not considered in the analysis.

Assumed thermodynamic processes for the two regions are as follows:
the hot-gas mass expands and contracts isothermally; the cold géé (bulk
fluid) expands and contracts isentropically.



Figure A.1-2 'shows a mechanical analog of the system model. The
hot-gas and cold-gas regions are separated by a piston which moves to
the left or right depending on whether the hot-gas mass is contracting
or expanding. In the event the hot gas is totally depleted, cold gas
then 1s expelled from the tank. This can only happen if the growth rate
of the hot-gas mass falls below the tank explulsion rate and remains there
Tor a long period of time. If burning continues afier the hot gas is ex-
hausted, the heat released in the combustion process merely heats the
cold gas as it leaves the tank. At the opposite extreme, for very large
burn rates the hot-gas mass could conceivably grow until it occupies the

entire volume of the tank.

A.l.3 Analysis

In order to handle the tedious computations involved in calculating
heal input rates and stratified hot-gas mass growth histories, a machine
program was developed for the case of hot-gas expulsion. The logic chart
for this program is shown in figure A.1-3. Inputs to the program are the
relief valve flow characteristic as a function of temperature, tank 2
pressure profile for regions I, II, and IITI, normal usage flow profile,
maximum time, and other miscellaneous data (these are all punched-card
inputs). Oxygen property data (ref. 2) was stored on a magnetic tape
and was input to the machine with a calling routine which assembled the
data into pressure and temperature vectors, with their associated entropy,

enthalpy, internal energy, and specific volume arrays.

After all data are read in, the fluid property data are then printed
for post-execution reference. The machine begins the computation pro-
cedure by setting a flame or hot-gas temperature, and initializing tank
conditions (time, flow rates, mass of supercritical oxygen, tank volune,
ete.). Pressure vessel volume variations are accounted for as a function
of pressure at cryogenic temperature from expansion and contraction data
(ref 3). Hot-gas temperature is a parameter in the analysis. Computa-

tions are performed in small time inerements for the input pressure



profile throughout regions I and II. TIn the event the pressure begins

to drop, the program switches to the logie branch for region ITI. A
linear interpolation stubroutine ("ULOOK") then caleulates an initial
pressure from the elements of the pressure-time arrsy, and from this, a
final pressure for the incremental +time step is obtained. The same in-
terpolaticn routine is then used for table lookup of the system flow rate.
Leak rates can be introduced in addition to normal flows at the region II
Pressure plateau, if desired. Knowing an initial pressure and temperature
for that time step and a final pressure, subroutine "ISEN" is called to
compute cold-gas fluid properties at the initial and@ final thermodynamic
states for isentropic compression (or expansion). Initial properties are
calculated using a bi-variate linear interpolation subroutine (independent
varisbles are pressure and temperature). Knowing the initial entropy and
holding this constant, a final temperature for the isentropic compression
{or expansion) is computed using a Newton-Raphson iterative convergence
technique (ref. 1) embodied in a subroutine named "RNEWT." Computation
then returns to the subroutine "BIVINT," where properties (s, h, u, and v)
are computed for the final state (pf) using the isentropic final tempera~-
ture T, calculabed in "RNEWT." Then, with all initial and final proper—
ties known, control returns to the main program, where a new hot-gas mass
and volume are calculated, along with heat input rates, cumilative heat
input to the hot-gas mass, total cumulative energy reieased at the igni-
tion source, ete. The total energy released will be somewhat higher when
the mass of the stratified hot-gas mass is not neglected, as is the case
in this analysis. Other analyses, neglecting the mass of the hot gas,
have resulted in energies of less than 50 percent of those computed in

this analysis.

The calculation procedure is then repeated for a new time (pressure)
step, and this continues until the new pressure is less than that of the
previous step. This signifies the beginning of region III, and at this
pressure (approximately 1008 psia), the relief valve opens, and the flow

from this valve (a function of hot-gas temperature) is added to the normal



usage profile. The calculated flow from the ideal gas law, for an orifice
diaméter of 0.038 inch and an orifice coefficient of 1 is shown in fig-
ure A.1-4. Two test data points from a test at the Manned Spacecraft
Center are also shown in this figure, as well as three test points from
the Parker test.

For region III calculations, a linear extrapolated heat release
rate is used throughout region III and is based on the heat input at
the end of region II and 10 seconds prior to that point. Blowdown times
for chosen pressure are c;lculated within this logic branch, and in this
manner a blowdown profile is generated for any assumed hot-gas tempera~
ture which can be compared to the flight data. Computation stops when
either the maximum time is reached or the hot-gas mass is completely ex-
pelled from the tank.

A.1.t Results and Conclusions

The results of analysis runs with the program are summarized in
figures A.1-5, A.1-6, and A.1-T.

Figure A.1-5 shows the flight data pressure profile for regions I,
II, and IIT and below that the growth history of the hot-gas volume, &as
well as the total heat input for regions I and II. This case was run
for a normal usage flow rate of 1.5 lb/hr. The effects of flame tempera~
4ure are to decrease the volume of hot gas within the tank as the flame
temperature increases and to increase with increasing flame temperature
the total heat input required to maintain the flight pressure trace. For
s nominal 1200° F flame temperature the total heat input to the tank at
the end of region II is approximately 35 Btu. This corresponds to a hot-
gas volume of about L6 in3. Tt should be emphasized that these calcula-
tions are for hot-gas expulsion only, and the expulsion of cold gas would

require significantly less heat.

The left-hand curve of figure A.1-6 shows meximum possible leak rates

at the region IT pressure plateau as a function of flame temperature. For



comparison, the relief valve characteristic is again shown. This plot
indicates that the relief valve could not have been in a full-open posi-
tion during the time period of the pressure plateau if hot gas were being
expelled from the tank, since the meximum possible expulsion rate to main-

tain the flight pressure trace is at all temperatures below the relief
valve capability.

Figure A,1-T shows the results of the region III blowdown analysis.
The shaded squares are flight data, and the solid curves indicate that
even a very lowv-tempergture hot-gas mass would have been expelled by the
relief valve (had it opened) much faster than the flight pressure itrace

indicated.
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A.2 THERMODYNAMIC RESTRICTIONS ON ENERGY PROCESSES

IN THE APOLLO 13 CRYOGENIC OXYGEN TANK 2

A.2.1 Purpose

The purpose of this analysis is to specify the limitations om energy
processes which may have occurred in the Apollo 13 cryogenic oxygen tank 2
prior to the incident of apparent tamk failure., The limitations are esta”
lished on the basis of thermodynamics and the‘recorded,pressure histeory.
The primary conclusion'of this analysis is that the electrical energy sup
plied to the tank is insufficient to explain the pressure rise and that
therefore a chemical reaction must have occcurred within the tank. It is
felt that the mechanism for initiation of potential chemical reactions

requires experximentel verification at simulated conditions.

A.2.2 Assumption

The pressure data during the time of interest are shown in fig-
ure A.2-1. It has been assumed on the basis of available information

that this pressure history corresponds to the tank pressure.

A.2.3 _Analysis and Results

The maximom and minimum eneréy addition to the fluid is shown as a
function of time in figﬁre A.2-2. These calculations include nominal
heat leakage and nominal oxygen usage from tank 2 and, also the work of
the fluid on the tank as the tank expends. The mass at time to was taken
as 242 pounds of oxygen and the calculations on figure A.2-2 neglect any
potential fluid leakage. The minimum energy addition was obtained by
assuming that the energy was supplied through a point source, zero mass
bubble of fluid. This bubble of fluld then expands, compressing the bulk
of the fluid isentropically. The maximum energy addition requires that

the fluid is uniformly heated. The real case is bounded by these two
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extremes, depending on the volume of the reacting gas, the chemical com—
position, the degree of mixing. the extent of internal heat transfer,
the geometry of the reaction zone and the detailed gas dynamics of the

fluid mixture.

The explicit influence of the reaction zone, or dbubble mass is de-
picted in figure A.2-3. Input energies required for these bubbles are
normalized with respect to the constant density thermodynamic process,
and the bubble masses are normalized by the total fluid mass. The basic
conclusion to be drawn from this figure is that the efficiency of com-
pression increases as the bubble size decreases. The limiting case is;

of course, the point source isentropic compression previcusly described.

Figure A.2-k shows the average bubble temperature which corresponds
to the range of bubble sizes just considered. Here it is noted that as
the bubble size decreases, the temperature required to carry out the pre-

scribed compression increases.

Due to the short compression times experienced during this incident,
a relatively small mass of the compressed fluid will be heated by the
relatively hot bubble. Therefore, the vast majority at the fluid experi-
ences a near isentropic compression. Thus, the actual compression pro-
cess will be near the isentropic energy 1limit history proposed in fig-
ure A.2-2. A detailed heat transfer analysis for a proposed heat source

ig required in order to establish the actual energy history.

The energy sddition rates associated with the two thermodynamic pro-
cesses are shown in figure A.2-5., At the times T2 and TS’ there are rapid
drops in the rate of energy addition. The calculations to this point have
neglected mass loss above the level of a nominal usage rate:; however, the
rapid change in energy addition rate could be explained by a mass loss.

If the energy addition rates are extrapolated exponentially as showm in
figure A.2-5, the maximum resulting mass loss rate requirement can be

obtained from an energy balance. The maximum mass loss rates for times

T2 and T5 are shown in figure A.2-6 and A.2-T, respectively, for the two
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limiting thermodynemic processes. Lt is noted that, for the "isentropic
energy. addition case, the required flow rates are comparsble to the cal-
culated capability of the vent valve. In addition, if the gas flowing.
out of the tank is at a higher temperature than the bulk fluid, the mass
loss rates required to cause the pressure transients at these times would
be reduced due to the higher energy content of this hot venting gas. This

effect is also depicted in these two figures.

The bulk fluid temperature history for the two limiting processes
is shown in figure A.2-8, There is reasonably good agreement between
the calculated temperatures and the data until 55454:32, at which time
the temperature data deviates seriously from the éalculated temperatures.
Currently, this deviation is best explained by local heat transfer as-

sociated with the energy source.

A refined analysis of the thermodynamic restrictions and the heat

transfer processes associated with this problem -is being conducted.
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A.3 CRYOGENIC OXYGEN TANXK 1 BLOWDOWN ANALYSIS

A.3.1 Purpose

Analyze the oxygen tank no. 1 to determine if the flow from this
tank was higher than normal after the loss of tank no. 2.

A.3.2 Assumptions

1. Entropy = constant

2, Heat input = negligible during the %2 seconds of the blowdown;
only 10_to 15 Btu's total could have been added to the system. This
would oﬁiy change the internal energy by .05 Btu/lb, of, about 0.23 per-
cent. This will not affect the results of this analysis.

A.3.3 Analysis

Quantity at start = 78.03 percent (gage)

T75.00 percent (gage)

Quantity at end

i

{323,45)(.7803) + 6.65
4.7532

Density at start

54,4976 lb/ft3

It

{323.45)(.7500) + 6.65
4.7532

Density at end

52,4357 1b/Tt-

4.7532 (54.4976 - 52.L357

I

I

Mass loss

9.80 lb-mass (by gage)
For S = constant
S = 2.92015 at 900 psia and S5k.4076 lb/ft3

Density at end = 53.5522 at 400 psia
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h.7532 (54.4976 = 53.5522}

Mass loss

4.50 1b mass {theory)
Time = T2 seconds

M = 0,0624 1b/sec to 0.1360 1b/sec

22,64 1b/hr to 490.00 1b/hr

A.3.4 Conclusions

The normal flow from this tank would have been 2.0 1b/hr after the
loss of tank 2. The actual flow wWas between 224.64 and h90 00 lb/hr.
This indicates that tank 1 was flowing a higher mass flow than normal,
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AL TEMPERATURE SENSOR ANALYSIS

A.k,1  Purpose

Using observed flight temperature-time dgta during tank 1 blowdown
and Beech tempersture sensor (time constant) test data, caleulate the
fluid temperature required to produce the observed temperature decrease
in tank 1.

AL,z mnarysas
Flight Pata (tank 1): ~(As shown in figure A.L-1)

Beech Data: Probe-sensor time bbnstant = 23 éecdnds.

Results: Caleculsted Tf = 263.1° R

Observed T2 = 264,7° R

Difference = 1.6° R

A.L,3 Conclusions

Probe time constant calculations for oxyvemen tank 2 based on Beact

data are correct..
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T-l: 269.6 °R (unbiased)

Pl = 900 psia

\o T,=264.7 °R (unbiased)

-F-’ “=—460_p_si; —_—— Tf (driving temperature)

- AT=T72 sec —

Figure A.4-1.- Flight data for temperature sensor analysis.
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A.5 CALCULATION OF REQUIRED HEAT FLUX AND SOURCE TEMPERATURE TO

PRODUCE OBSERVED TEMPERATURE TRANSIENTS IN OXYGEN TANK 2

A.5.1 Purpose

Determine the heat flux and source temperature in the vicinity of

8 sensor to produce observed transient data.

A.5.2 Assumptions
The following assumptions were made:

a. The area for conduction into sensor was taken as total exposed
surface areas of sensor; that is, assumed hot fluid engulfs sensor com-

pletely.

b. Materials, dimensions and physical characteristics, as well as

probe/sensor femperature response, were cbtained from Beech data.
¢c. Ignition had a point source on the heater tube radius.
d. The thermal emission from sensor to ignition source was neglected

e. The thermal capacity CP of oxygen between source and sensor was

neglected.

A.5.3 Analysis
The following procedures were followed for the analysis:

a. Dimensions, mass specific heat, thermal response, and relative
positions of all components inside tank, as well as response character-

istics of probe, were obtained from Beech.

b. Three models were set up as shown in figure A.5-1. Results

shown are for the combined radistion-conduction model.

¢, TFlight data shows an essentially linear temperature rise with
time of 1.7° F/sec.
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d. Tor radiation model and radiation-conduction model, flame emis-

sivities €p of 0.5 to 1.0 were invesgtigated.

A.5.% Conclusions
The following conclusions were made (fig. A.5-1):

a. The reguired source temperature incréases with an increasing

sensor angle from the heater tube.’

b. The required source temperature increased as ignition source

moves toward fan motor.

c. The source temperature could have reached 29OQ° F if the igni-

tion began at the fan motor.
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Figure A.5-1.- Analytical models for heat transfer.
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A.6 TEMPERATURE SENSOR ANALYSIS

A.6.1 Purpose

Assﬁming a fire burns down the fan/heater leads amd through the hole
in the polytetrafluoroethylene portion of the probe, calculate the re-
quired flezme temperature to produce observed flight data. Shdw variation

in fleme temperature with wire position,

A.6.2 Assumptipns
The following assumptions were made:
a, Flight dats on temperature sensor.
b. Conduction path varies with wire angle.
c. Effective conductive area 0.72 sguare inch.

d. DNeglect radiation,.since previous calculations show it to be

less than 10 percent of total hesat transfer.

A.6.3 Analysis

The model used in the analysis is shown in figure A.6-1. Three

lead wire positions investigated:
Case A: RBffective conduction path 0.4 inch
Case B: Effective conduction path 0.6 inch

Cace C: Effective conduction-peth 1.l inches

A.6.4 Conclusions

Flame temperature variations from 672° to 2560° F were calculsted,

dépending on wire position (fig. A.6-2).
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Figure A.6-1.- Model used for temperature sensor analysis.
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A.7 TEMPERATURE SENSOR ANALYSIS

A.T.1 Purpose

Assuming an ignition source (gas bubble) at the top of the probe
assembly, calculate lag time as a function of source temperature to cor-
relate delay in temperature rise after beginning of pressure rise in

tank 2.

A.T7.2 Assumptions
The following assumptions were mede:
&, No radistion

b. Trensient conducticm through oxygen, aluminum, and polytetra-—

fluoroethylene as shown in figure A.T-1
c. Total conduction path of 5.4 inches

d., Semi-infinite composite slab.

ﬂ:ﬂ:erf.ﬁ-
ST T, 2T

where: E = Dimensionless temperature

T = Sensor temperature at any time 't
T, = Fleme temperature (ignition)
T = Initial sensor tempersture (minus 187° F)
X
, 24087 fz
erf = Error function E{Z?r ./~ e ai
o
X = Conduction path length
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Composite thermal diffusivity ft2/hr

Q
i

=
I}

Time from ignition

A.T.3 - Flight data
Data obtained from the flight showed the following:
a. First observed pressure rise at 55:53:36-
b. Tirst observed temperature rise at 55:54:30

¢. Observed time lag of 54 seconds.

A.T.4 Analysis

During tank 2 pressure and temperature transients, investigation of
thermodynamic properties of oxygen shows extreme variations in oxygen
properties from flame source temperatures to cryo temperaturesi Analysis
indicates a definite time laé associated with this process éna this would
cause the trend seen in flight to be expected. The magnitudé of the time
lag is ?ritically dependent on oxygen properties. A critical parameter

is thermal diffusivity o = ;%*. A range of thermal diffusivity of oxygen
P -5 ‘

under these conditions is 0.002h4 to 0.013 £t /hr. TFor a nominal thermal .

diffusivity of 0.006 fte/hr and a flame source temperature of 1000° F, a

time lag of approximately 5bh sécoﬂds is célculated, which was cbserved

in flight data. Variation of time lag With flame teﬁlperature is as shown

in figure A.T-2.

A.T.5 Conclusions
The following conclusions were made:

a. The existence of a’time lag is to be expected for a process such

as this.

. The observed magnitude of the time lag is within reason for the

known extreme variations in cryogenic oxygen properties.
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c. Calculation of exact time lag is impossible due to the crudeness
of the analytical model.

d. Due to the many -unknowns involved in the real process (for ex-
ample, flame/hot gas temperature and flpme/hot gas propagation paths),
an extremely sophisticated model, coupled with experimental data, would

be needed to adequately describe this process.
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Figure A.7-2- Variation of time lag with flame temperatufe.



45
A.8 PRESSURE DROP ANALYSIS AND TESTING

A.8.1 Purpose

According to the pressure transducer, oxygen tank 2 never reached
a pressure over lle psia before data 1ldss occurred at 55:5k:54h. How-
ever, the tank is rated to burst at 2200 psia by actual test. Hence,
the purpose of this analysis and testing was to determine whether fric-
tional pressure drop could account for the pressure transducer reading

as much as 1000 psi below actual tank pressure.

A.8.2 Assumptions
The following assumptions were made:
a. Neglect heat transfer from surroundings to flowing fluid.

b. The friction factor is invariant with Jength and {luid proper-
ties and is equal to 0.00k,

c. The filter's flow versus pressure drop characteristice will have
to be determined by test. Any estimate of pressure drop in the filter

used in the test reflects the preliminary nature of these calculations.

d. Sonic flow ocecurs in at least one point in the piping.



46

Calculating back to entry inte the 115- by 0.1575-inch section

gives
M entry to 0.1575 inch = 0.208

These Mach numbers and the observed pressure of 1000 psia st the
end of the 98- by 0.206-ineh duet give:

P tank,  Assumed AP (0.1575-inch AP (0.206-inch P -exit M 1b/sec
psia AP filter section) section) psia

1500 250 L5 did not converge 1000 2;09
2000 300 972 did not converge 1000 2.42

A AP in the 98- by 0.206-inch section could not be determined
such that it would satisfy the Mach number, exit pressure, and mass
flow constraints shown. However, the mass flows are in fairly close
agreement with quentity gage readings from 55:54:32 to 55:5L4:48 which
indicated & mass flow of 1.7l 1lb/sec. Notice that the preésure drops
even at velocities below sonie in the 0.1575-inch section are sufficient

to explain no indication of severe overpressure at these mass flows.

At thet time the following test deta were obbtained from Parker

Aircfaft, the relief valve manufacturer:

Temperature,

op AP Flow, 1lb/sec
-1Lh8 1000 psia - 1 atm 0.039
70 1000 psia - 1 atm >0.007 (specification
of Beech)

The tested mass flow under cryogenic conditions is only about
2 percent of that calculated from the quantity gage reading but, on the
other hand, about 100 times the normal flow in this piping. Since the
calculations account reliably only for the straight pipe loss, the filter
AP and possibly the sudden contraction AP remained an open question,

especially under ecryogenic conditions.
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A.8.4 Testing

A test flow plan wes established whereby the Apollo 13 piping-sys-

tem was simulated, including the actusl filter and relief valve. Tests

made were:

a. Establish full flow through piping end relief valve to atmos-
phere with oxygen gas at T0° F and 1000 psia. Increase upstream pressure
slowly until downstream pressure reaches 1050 psia (1imit of Apollo 13
pressure transducer), while recording upstream and downstream pressures

and flow.

b. Same as (a) except that when full flow is establizhed, make
step change in upstream pressure to 1500 psie and hold. Record upstream

and downstream pressures and flow.

Tf either of these tests had shown a very high pressure drop or a
slow response time, a flow test with cryogenic oxygen could have been
deleted, since the cryogenic would show a higher pressure drop than the
oxygen gas. However, the tests indicated pressure drops of 5 to 10 psi

and a response time of 100 milliseconds.

c. Using simulated Apollo 13 tenk and piping end oxygen at 170° F,
1008 psia, establish full flow through relief valve, and raise tank pres-

sure. Record both pressures and flow.

The maximum uUpstream pressure attainable, as limited by system leak-
age, was 1050 psia. At this condition the pressure difference between
tank and transducer was never greater than 35 psi and response times were

similar to those obtained at ambient temperature.

A.8.5 Coneclusions
From these flow tests the conclusions are:

a. With the relief valve fully open, neither pressure drop nor time
lag between tank and transducer would have been large enough to explain

the transducer's reading significantly below the tank pressure.
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A.8.3 Analysis

The piping system is shown in figure A.8-1.

Case 1 Mach number = 1.0 at end of the 0.1575-inch inside diameter

section
L
L LYeL, -
F ‘_J~ & D

L = 115 inches in the 0.1575 inch section

F = 11.7

From P M at entry : . .
= 0. 1
1 M ot oxit 0.219 (based on equations in reference 1}

Y = 3.3 for approximaete entry conditions of 950 psia and 270° R.

_ 2] 1/2
14+ Y -1 (M entry]

P exit _ M entry : 2
P entry M exit 1+ Y ; l‘(M exit)2

= 0.153

C
where Y = ER
v

It was necessary to assume some value of AP across the filter to
arrive at P entry, and oxygen tank 2 pressures of 1000, 1500, and

2000 psia were used as follows:

Assumed 115 by 0.1575-inch éection
AP filter +. .
P tank, 14 by 0.206 inch P :?:ry° P :ﬁ;t= AP, psi
peia line, psi P P
1000 200 800 122 678
1500 250 1250 191 1059

2000 300 1700 260 . 1kko
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Also, by referring to Plz

2
Y -1
?exit _ ' Tp [ enty
-T entry 1+ Y ; i {M exit)2
which leads to:
P tank, psia > exit, psia ) T exit, °F

1000 122 -328
1500 191 -328
2000 260 -328

All of these exit pressures and temperatures fall in the two phase
region. Accordingly, it was judged to be more productive to do the csal-
culation for the 98 by 0.206-inch section, where sonic Tlow certainly
occurs at the end, rather than attempting to discover where M = 1.0

and where condensation would begin in the 0.1575-inch section.

Case 2 Mach number = 1.0 at end of 98 by 0.206-inch section.
F = — = 7,61, which gives: M entry = 0.26

A discontinuity and pressure recovery would exist at the sudden
expansion from 0.1575 inch to the 0.206-inch 1ine. Hence, a higher
Mach number is expected just at the end of the 0.1575-inch line (see
detail on fig. A.8-1).

If continuity is postulated for the thermodynamic properties - no
infinite gradients, the speed of sound will not change from (1) to (2)

This is quite a rough approximation to the true situation.

MlAl = M2A2 s0 M2 = 0.4h8
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b. Unless the tank became isolated from the transducer by some
means (such as plugged filter or ruptured line) the transducer was read-

ing close %0 actual tank pressure until data loss.
REFERENCE

1. "Nonisentropic Finite-Amplitude Wave Generation," by A. C. Peter,
North American Rockwell Report SD 69-722, December 1969, Egtns. (22)
and (23-b), pp. 12-13.
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Figure A.8-1.- Cryogenic oxygen tank 2 plumbing.
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A.9 EXTENSION OF PRESSURE DATA EBY CORRELATION WITH

FLOWMETER DATA

A.9.1 Purpose

The oxygen flow to all three fuel cells is sampled 10 times per
second while the oxygen tank pressures are sampled only once per second.
This fact is used to try to extend the observed pressure data for a frac-

tion of =z second past the last recorded peint.

A.9.2 Assumptions

The Tollowing assumptions were made:
8. Fuel cell "1 flowmeter dabta are valid until data loss.

b. The line-volume from one flowmeter to the oxygen regulator can
be treated as an isotherma) (70° F) capacity of volume 5..40 in> which is

at thermodynamic equilibrium all the time.
c. Oxygen is ideal at 70° F and system pressure of about 996 psia

d. The theoretical oxygen demand for the fuel cells can be extrap-
olated for 0.7 second at a constant value representing the average cur-

rent for the last 3.5 secondé befare data loss.

A.9.3 AMnalysis

Because of the small time spans involved, it is necessary to correct
all tab data times to the 'actual time the measurement was taken. This
was done for flow, pressure, and fuel cell current measurements. The
fuel cell current was then-e£trapolated for 0.7 second at 22.5372 amperes
from 55:54:52.763, the time of the last pressure data. This was converted
to an oxygen usage of 0.46 1b/hr. Figure A.9-1 shows the extrapolated
theoretical oxyegen flow to fuel cell 1 and the actual flowmeter data.
The area between these graphs from 55:54:52.763 to 55:54:53:463 represents
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the change in mass contained in the volume between flowmeter and regu-
lator during this time. This area in 15.179 x 10‘6 1bm oxygen and the
corresponding density change is AP = -2.62 x 103 lbm/ft3- From the ideal
gas law and assumed temperature of T0O° F the pressure change is found to
be -0.465 psi. This gives the additional calculated pressure point of
995.5 psia at 55:5L4:52.763 actual time.

4.9.4 Conclusions

A 0.7 second extrapolation of pressure data based on measured flows

shows a tank 2 pressure of 995.5 psia at data loss.
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A.10 TEMPERATURE AND PRESSURE VERSUS QUANTITY CORRELATION

A.10.1 Purpose

Attempt to correlate the tempersture and quantity data during the
time of the incident. This will be done in order to estagblish the loca-

tion of the energy source that was responsible.

A.10.2 Anslysis

Figure A.10-1 shows the historical data calculated for Apollo 10,
11, and 12, These data consist of quantities calculated from the pres-
sure and temperature data plotted asgainst the gquantity gage readings.
Tt was found that if the temperature is biased with. a minus 17° F value,
the two guantities will agree within a reasonable accuracy (fig. A.10-1).

The following dsta are shown for the case of tank 2:

Time 55:54:32 55:54:50
Quantity, percent T5 T2
Temperature, °F -187 -154% to -151
Pressure, psia 975 psia 1004
Calculeted temperature, °F ~205 -195

Bias, °F -17 -14 to -kbk

As can be seen, the initial tempersture bias at time 55:54:32 is
sbout at the expected minus 17° F, and that 18 seconds later a minus
11° to minus L44° F bias is required to correct the temperature to the
quantity data. This increasing bias is indicative of an increasing
error and is caused by the temperature increase of the adjacent fiuid.
‘The reason for this is that the temperature sensor measures the condi-
tion at a single point in the tank while the capacitance probe samples
and integrates a cylindrical portion of fluid across the diameter of the
spherical tank. If the fluid is stratified and the hot region is located

at the top of the capacitance probe the observed data can be explained.
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An energy source at any other location in the tank cannot explain these
data.

A.10.3 Conclusion

High energy was being released near the top of the tank adjacent to

the temperature sensor at the time the temperature was increasing.
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A.11 FUEL CELL ERRATIC OXYGEN FLOW RATE

A.d1.1 Purpose

Explain the cohserved fuel cell oxygen flow data, and correlate it
with oxygen tank 2 pressure dsata.

A11.2 Analysis

Prior to the oxygen tank 2 failure, Tflight data had shown a sudden
inerease in the three fuel cell flow rates. The flow excursions were
identical for all three fuel cell flowmeters. The flow increase can be
seen from figure A.11-1 to be most pronounced during the rapid increase
in oxygen tank 2 pressure and returning to normal flow rates at the pres-

sure plateau {955 psia).

Analysis has shown the flow rate excursions were in response to the
oxygen tank 2 pressure increase. The tank pressure increase results in
an increase in density downstream of the flowmeter (fig. A.11-2), requir-
ing mass to flow through %he Tlowmeter faster than the fuel cell and
environmental control system usage rate. The flowmeter is a capillary
tube hot wire. anemometer (fig. A.11-3); therefore, it is very sensitive
to flow stream changes. The pressure, volume, and temperature relation-—
ship for a pressure change ffom 890 psia to 1008 psia requires that a
0.0036 pound-mass be added tg the vplume downstream of the flowmeter, as

shown in the following caleculations.
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MASS INCREASE DOWNSTREAM OF FLOWMETER DUE TO

INCREASING Pheoound FROM 890 TC 1008 PSIA

SOLVE FOR MASS X

PV = MlR,Tl

11
Cv - MR,
1 P2
+
) Ml X RTl
P, .
‘M. + X ET
1 — 1 . MiRT
2
+ X RT, = NlRTlPE
1 1 P,
1Y = MlRT1P2
1 RTlPl
P 1
v = 0.01570(1008)
890
X = 0.0190 -~ 0.01545
X = 0.0036 pound

A.11.3 Conclusions

- 0.01545

ASSUME — CONSTANT TEMPERATURE

T =

70° F = 530° R

X

5.32 in3

Volume - Flowmeter to regulator

= 5.k in3
Pl = 390 psia
P, = 1008 psiz

SOLVING FOR M
v

_ 11 _ 890(2kk)(5.%0)
W L (48.3)530(1728)
M, = 1.57 x 1072
M, = 0.01570 pownd

The shaded area in figure A.11-1 represents 0.0034 pound between the

flight data flow curve and the theoretical fuel cell oxygen consuwuption
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flow curve, based on fuel cell current during the same time periocd. The
conclusion based con this correlation is that the flow excursions were
caused by the response of flowmeters to the increase in oxygen tank 2

pressure.

The initial flow decrease at point A (fig. A.11-1) was caused by the
oxygen bank pressure dropping as fan-stirring destratified the fluid.
The flow through the flowmeter stops instantaneously as the pressure
downstream of the check valve, area B (fig. A.11-2), exceeds the decreas-
ing tank pressure. The flow recovers as the pressure in oxygen tank 2
. begins %o inecrease (the pressure in area B also drops due to fuel cell
demand ) eqﬁélizing tﬁé pressﬁre'upstream and downstream of the check
valves, areas A and B, (fig. A.11-2}. A flov surge is caused as the
check valve opens (check valve cracking pressure is 2.7 psid per accept-

ance test data) causing the first flow increase at point B (fig. A.11-1).

Test results of flowmeter transient investigation are shown in

Volume ITII. The test further substantiated these conclusions.



Fuel cell 2 flow rate, Ib/hr

Pressure, psi

0.8

0.7

0.6

G.5

0.4

0.3

1050

1000

950

900

850;

6L

Mass flow required to change
the line pressure from 890
psia to 1008 psia

Fuel cell
Start of demand

flow flow rate
increase

Pressure stabilizes

] ]

55:53 55:54 55:55

Time, he:min

Figure A.11-1.- Effect of oxygen pressure on fuel cell flow rates.



Fuel cell oxygen supply valve

Oxygen
tank 1

Oxygen
tank 2

1 and 3 closed by shock

Euel cell Fuel cell oxygen

flowmeters regulatars

VS
~]

~t———~ 2 () feet

1
|
L

Check valve : .

”,

Fuel cell

valve module
forging

Open solenoid /{

Armature ’

A\

N\

AN

s

R
T

) 1w m

’

]

" A Simplified
Belleville spring \\ﬂ]&\\\\\\\\g detail’
* Ll -' LY i) ffflllll;
<

7/ .

Inlet_/ . )<
Valve poppet /,% l

Closed solenoid

Wy
Ny
b
-

W

AN

a0

MIRN

222

Outlet.

Figure A.11-2,- Solenoid valves for oxygen supply.

E:———r

Oxygen supply to
fuel cell 1

{R}=——» Fuel cell 2

A EOON—{~) E__"_'a—‘-i-Fuel cell 3

29



Flow
msensitive
element for
temperature
compensation

Flow sensitive
/ element

Bypass tubes
/ (3 of 237 shown)

LL

A
/

F/

N,
C

e p——
|l
Output
signal
& O

Figure A.11-3,~ Flowmeter schematic .

<9



64

A.12 CALCULATION OF PERFORMANCE LOSS BY FUEL CELLS 1 AND 3

A.12.1 Purpose

Determine if loss of the oxygen supply by closure of the fuel cell
reactant shutoff valve caused the fuel cell 1 and 3 performance degrada-

tion.

A.12.2 Assumptions
The following assumptions were made:
a. Closure of the fuel cell 1 and 3 oxygen shutoff valves.

b. The temperature in the higﬁ.pressure system (900 psia), oxygen
shutoff valve to fuel cell regulator, was TO° F (530° R).

¢. The temperature in the low pressure system (61.5 psia), fuel
cell regulator to fuel cell stack, was T0° F for 14.99 inr3 and in the

fuel cell stack was B00° F for 67.7 in3.

d. Performance dropoff becomes evident at a reactant to nitrogen
differential pressure of 4 psi. The normal pressure :differential is
8.5 psi; therefcre; at 57 bsia; oxygen pressure performance dropoff

should be evident.

e. TFuel cells 1 and 2 operated at 23 and 26 amperes, respectively,

from valve closure to performance loss.‘

“A.12.3 Analysis
In performing the anglysis, the following facts were known:

a. The oxygen high pressure 'system volume, solenoid valve to fuel

cell regulator, was 6.37 ind.

b. The oxygen low pressure system voluﬁe, fuel cell regulabor to

stack, was 82.69 in3.
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At the time of failure, the oxygen high pressure wes 1008 psia

low pressure was approximately 61.5 psia.

The high pressure system will supply oxygen until pressure drops

psia.
Oxygen initislly in high pressure system, Ml:

_ PV _ 1008(1s4)(6.37)32

Yop T M T BT, T 7 1545(530)1728

= (0.0209 pound

Oxygen at 61.5 psia:

M. = 6L.5

s = 608 (0.0209) = 0.0013 pound

Oxygen used to drop pressure from 1008 to 61.5 psia:

AMl = Ml - Mé = 0.0196 pound

Afterwards, all oxygen downstream of solenoid shutoff valve:
6£1.5 psia

Portion of low pressure system at T0° F:

3 3

= 6.37 in3 + 14.99 in” = 21.36 in

v
3
Oxygen in low pressure system at TO° P and 61.5 .psiw.

M P3V3 _ 61.5(244)21.36)32

37 R, ~ 1545(53071728

= 0.00426 pound

Oxygen in low pressure system at LOO® F and 61.5 psia:

v o oWy (61.5)(1kb)(67.7)32
b RT), 1545(860)1728

= 0.00835 pound

Total oxygen in low pressure at 61.5 psia:

Mlp = M3 M o= 0.01261 pound
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9. Oxygen in total low pressure system at 57 psia:

_ 5T _
M5 =15 (0.01261) = 0.0121 pound

10. Oxygen used to drop pressure from 61.5 to 57 psia:

AMy = M~ M = 0.0005 pound

NOTE: AP where performance drop occurs is not significant
{0.0005 pound) compared to mass for drop from high
pressure (1008 psia) to low pressure (61.5 psia).
11. Total oxygen mass used from reactant shutoff valwve closure %o
oxygen system pressure of 57 psia (oxygen to nitrogen pressure differ-

ential is approximately L psi)

== ) = . + .
Mt AMl + AMé 0.0196 0.0005
Mt = (.0201 pound

12. Calculate time from reactant valve closure to evidence of per-

formance dropoff:

Assume: Fuel cell 3 operated at 26 amperes
Fuel cell 1 opersted at 23 amperes

(0.0201 pound) (3600 sec/hr)
(2.04 x 1072

TFuel cell 3~ = 136 seconds

Ib/hr-amp) (26 amperes)

Time for fuel cell 3 = 2 minutes 16 seconds

.. 26 amperes _
Trgel cell 1~ 53 amperes 136 seconds = 154 seconds

Pime for fuel cell 1 = 2 minutes 3L seconds

13. Actual times from data review for fuel cell 3 is 2 minubes

29 seconds and for fuel cell 1 is 2 minutes 51 seconds.
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A.12.% Conclusions

A comparison of steps 12 and 13 of the analysis shows close agreement

between the calculated and actual deta performance loss times. The close
agreement confirms that thé operating times of fuel cells 1 and 3 were
limited by the volume of oxygen trapped between the oxygen shutoff valve
and fuel cell regulator. Therefore, the fuel cells 1 and 3 performance
loss were caused by oxygen starvation due to closure -of the oxygen shut-
off valves located in the fuel cell valve module.



68

A.13 HEATER ENERGY ANALYSIS

A.13.1 Purpose

Examine the heater cycle prior to the anomaly to determine if an

unknown energy source was present in the tank.

A.13.2 Analysis
The following data were used for the analysis:

a. Heaber duty cyecles from pressure plots:

Time switch Time switch Time on,
opened, hr:min closed, hrimin minutes

53:39

53:07 53:45 8
54:07 53:59 8
5h:21 S5h:16 5
54:43,5 5h:40 3.5

1. Total heater on time was 24.5 minutes.

2. Total heater time was 6L.5 minutes (1.075).

3. Fuel cell oxygen usage was 1.53 pounds for 70 amperes.

4. Environmental control system oxygen usage was 2.415 poun..
5. Total oxygen usage was 3.9L45 pound.

6. Total heat input 463 Btu (heat leak plus hesters).

T. Heat required to expel 1.0 pound was approximately 9T Btu.
8. Tobtal heat reguired was 382 Btu.

9. An additional 81 Btu was required due to the warmer than

equilibrium fluid being expelled under high flow rate conditions,
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b. From 55 hours 13.2 mimites to 55 hours Ll minutes, the heaters

were on 5 minutes.

1.

5.
6.

Fuel cell usage was 0.658 poﬁnd.

Envirommental control system oxygen usage was 0.093 pound.
Total oxygen_ﬁsage was 0.751 pound.

Total energy input was 89 Btu.

Required energy was (0.751) x (97) = 73 Btu.

An additional 16 Btu was required due to warmer than averace

fluid being expelled.

A.13.3 Conclusions

There is no evidence of a significant unknown energy source in the

tank prior to the anomalous pressure excursion.
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A.14 LOCKED ROTOR IN ZERO=G

A.14.1 Purpose

Determine if the fan motor would overheat (reéistance heating) and
become a source of ignition energy if the rotor is locked in the zZero-g

heat transfer situation.

A.1h .2 Assumptions
The following assumptions were made:

a. No heat leaves the motor proper.

b. W = weight of motor = 0.88 1ib
_ . . _ Btu at T0° F
c. CP = gpproximgte specific heat = 0.2 o °R
d. = heat input (28 watts) = 95.6 %gg
e. Ot = heat-up time (30 to 100 sec) = 0.00833 to 0.0278 hr
f. AT = temperature rise
_ QA _ o
AT = W R
p

A.1%.3 Mnalysis
The temperature rise from room temperature was estimated for the
following conditions:
Approximate temperature rise, °R
In 30 seconds In 100 seconds

100 percent of
motor affected L.s5 15.1

10 percent of
motor affected y5.,2 151
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A.14 .4 Conclusions

From this calculation it is concluded that pure resistance heating
would not produce ignition temperatures unless the heat is concentrated
in much less than 10 percent of the motor. PFigure A.ll-1 shows the tem—
perature rise that would OCcur.as a function of the fraction of the motor's

mass that absorbs energy for heat-up times of 30 and 100 seconds.
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A.15 ANATYSES OF TWO POSSIBLE IGNITION MECHANISMS

A.15.1 Purpose

Provide information on the reactions from possible conteminents in
the oxygen pressure vessel and the reaction from higﬁ pressure oxygen

leaking into the vacuum Jacket.

A.15.2 Analyses

The two following analysis were conduchbed.

A.15.2.1 Contaminants and Detached Solids in the Tank

In examining possible contaminents or deteched 50lids, it is neces-
sary to include some aspects of the ground support equipment used in the
fill and detanking procedures as well as the components internal to the
pressure vessel. Examples of detached solids include contaminants added
to the tank during filling, inadvertent cryogenic pumping of air after
detanking, end solids detached from internal components by chafing, stress,
vibration, detanking, etc. The mechanism postulated involves heat addi-
tion due to detached solids impacting the fan vanes or surfaces in close
proximity after being accelerated by the fan. Another mode. of adding

heat is by friction induced from detached solids between rotating parts.

Lead-tin sclder, a lubricant (Drilube 822), and tin-plated copper
clips are specific matérials in the system which have demonstrated sen-
sitivity at low impact energy levels in liquid oxygen. Impact-initiated
reactions normally oceur very rapidly and very frequently at explosive
rates. On the other hand, many examples of impact sensitivity are found
where a flash occurs but does not propagate. Long duration, slow burning
processes such as are required to sabisfy the observed rate of pressure
rise in tank 2 have not been cbserved in liquid oxygen tests. This may

be due 0 the nature of the test rather than to the nature of the material.
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The tank probe, heater, and fan assembly have been examined for
sources of deteched solids, which could be accelerated by the fans and
could have impacted with impact-sensitive materials. Two possibilities
were exsmined. ' One was a particle which could have passed through the
ground support filter. From filter backwash tesits, about a éSO-—micron
diameter particle was considered maximum. Using a density for aluminum
(0.1 pound per cubic inch) and a tip velocity of 10 ft/sec, assuming no
dré.g loss through the fluid and total conversion of kinetic energy to
heat, a value of 1077 joules was obtained. A second possibility consid-
ered was the deta'chinent of the center pin from one of the 1/8-inch dia-
meter blind rivets in the probe assembly. The analysis previously
described was used except that the pin dimensions gave a particle of
1.7 % 10_3‘pound$ and resulted in energy of L x LLO"J’l joules. These en-
ergy levels are well below-the energies demonstrated by test to be neces

sary for ignition,

This review also revealed two component parts which differ only by
dash number designation between the oxygen tank and the hydrogen tank
(Beecli Ai'rc-ra.ft Company part numbers 13532-3132 and 13532-3134). The
part for the hydrogen tank is made of a titanium alloy, and the one for
oxygen storage is Inconel. No evidénce exists for an inadvertent sub-
stitution since data and inspection records show correct dash numbers
were installed. Even if a substitubion had been made, an impaclt of abou
70 ft-1b would be required to cause a problem, and again, no explanation
of the "slow" nature of the event is available, assuming impact sensitiv

ity.

A.15.2.2 Ignition of Thermal Blanket in Vacuum Jacket

The insulation in'the vacuum jacket consists of fiberglass and alu-
minum foil (0.00018 inch thick) in alternate layers. Aluminized insula-
tion material is used in the dome region arownd the discharge lines. An

adhesive in the fiberglass mat is used as a binder for the glass, and it
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composition would indicate incompatibility with liguid oxygen. Under im-

pact conditions, aluminized Mylar is unacceptable for liquid oxygen usage.

If a high pressure lesk of oxygen from the pressure vessel impinged

on the insulation, some material reaction could occur, bubt literature data
on impinging oxygen at 1500 psi onto aluminized Mylar show that this type
of test did not cause ignition. Therefore, it would appear_that hot oxygen
(at a temperature to be determined by test) would be required to promote
ignition of the insulation in the annulus. This would indicate that this
reaction would be a second~order effect but could provide additiong; heat
and pressure to explain the loss of the service module panel or damage to

cryogenic oxygen tank 1 lines or components.

This mechanism could not explain the eleetrical anomalies including
the quantity gage behavior and current spikes observed in the electrical
data.
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A.16 IRVESTIGATION OF DETANKING PROCEDURE

A.16.1 Purpose

Determine if cavitation could have occurred at the fan impellers in

oxygen tank 2 during detanking at the launch site.

A.16.2 Assumptions

A fan blade may be represented as an elongated ellipse whose major

to minor axis ratic a:b is 10:L. The angle of attack of a blade was

assumed to be 45 degrees.

A.16.3 Analysis

The effects of cavitation are the introduction of vibration to the
rotor assembly and pitting due to material erosion, caused by cavitational
shocks. Such shocks result-from a sudden collapse of the gas bubbies
generated by loecal expansion of the fluid upon passage of the fan blade.

At one time, the fans and heaters operated continuously for 6 hours
gubmerged in liquid oxygen at its boiling point. Under these conditions,
the only pressure differential acting to prevent cavitation was provided
by the gravitational head of the ligquid. Cavitation will occur for the
ellipsoidal model used if the static head h is:

pu2 1l+% 2 3 a2 .
ph < g .y cos o + 5 sina -1
c b

With the model parameters and oxygen properties during the 6 hour boil
off this gives

h < k.32 feet



77

A.16.4 Conclusions

Since the tank has a diameter of gbout 26 inches, it is apparent
that cavitation could have occurred at both fans throughout the 6 hour
beoil off. This may have produced detrimental fatigue properties on both

fan impellers and shafts.
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A.17 PROPOSED MECHANISM FOR PRESSURE RISE

IN CRYOGENIC OXIGEN TANK 2

A.17.1 Purpose

Develop combustion mecheanism to explain the flight data on tank 2
pressure, temperature, and quantity. This mechanism will attempt to
identify the initiation point, propagation path, and heat transfer to

fit the flight data.

A1T7.2 Assumptions
The following assumptions were made:

a. Combustion is initisted near the center of the electrical con-

duit.

b. Propagation is along a single strand of fuel, the polytetrafiuoro-
ethylene sleeve on one of the motor lead cables, and proceeds in both

directions without ignition of any other material in the conduit.

c. One flame front traverses the conduit length from the initiation
point to the electrical connector in 26.3 seconds, the time to the begin-
ning of the pressure plateau. The other reaches the tank end of the con-

duit in 40.3 seconds. This implies a propagation rate of 0.479 in/sec.

d. Tank fluid density just prior to the first pressure rise was
54,3 1b/86°,

e. Heat transfer from hot gas in the conduit occurs by conduction

only. The heat tramsfer rate i1s independent of conduit and wire bundle

temperatures.

f. Burning rate is constant (due to the absence of data on its

variation with environmental conditions).
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A,17.3 Analysis

If combustion begins near the center of the conduit, the flame will
propagate in hoth directions along the strand of fuel. When one of the
two flame fronts reaches the electrical connector, it will be extinguished,
reducing the total rafe of combustion by one-half. This is assumed to be
the beginning of the pressure plateau at 26.3 seconds after ignition
(fig. A.17-1, points A and B). The other flame front continues and is
assuned to reach the tank end of the conduit at the end of the plateau,
40.3 seconds after ignition (fig. A.17-1, point C). These two time points
and the overall conduit length of 31.9 inches allow a solution for the
required propagation rate and ignition site, which are 0.479 in/sec and
12.6 inches from the electrical connector (fig. A.17-2).

During this first 40.3 seconds, the hot gas around the burning in-
sulation is exposed to a heat sink consisting of the conduit and the wire
bundles within it. The llL-second pressure plateau is explained by the
combustion rate being reduced by one-half while the heat transfer to this
sink comtinues at a rate comparable to the first 26 seconds. At the end
of the period the pressure begins rising again (point C on fig. A.17-1)
because the combustion has reached the tank volume and the upper end of
the quantity probe does not significantly add to the continuing heat sink

effect of the conduit materials.

Certain other data support an energy input history such as this.
The abrupt rise of the temperature sensor probe occurs shortly after the
combustion is postulated to have reached the temperature sensor probe
(fig. A.17-1). Figure A.17-2 shows the sensor location, and its rapid
response indicates the sudden proximity of very high temperature material.
Also, on figure A.17-1 the quantity probe begins indicating én abnormally
low value almost coincident in time with the temperature response. This
reading decreased rapidly, which could have been caused by a continuing

increase in the fluld temperature near or within the quantity probe.
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The pressure rise is explaired by stratification and the piston ef-
fect of the hot gas resulting from combustion. This gas expands as energy
is added to it and isentropically compresses the cold cryogenic fluid.
paiculated pressures for an assumed hot bubble averaée temperature of
1200° F are compared with the flight data in figure A.17-1. Sensitivity
of bubble properties and conseguent energy input requirements %orassumed
bubble temperstures can be seen from figures A.17-3 and A.lT-ﬁ. Fig-
ure A.1l7-5 presents the cumulative net energy input required to reach a
given tank pressure for a bubble température of 1200° F. These calcula~
tions account for tank stretch due to pressure rise but negléts energy

loss due to normal oxygen usage.

Heat transfer to the condult and wiring was calculated by a basically
one~dimensional conduction model. Propagation was treated by breaking the
time span into four steps and the axial distance along the conduit into
four zones. One constant represénting energy potential for heat transfer
per unit time was evaluated based on the pressures at the end poinbts of
the first pressure ramp and the selected fuel. Cumulative heat transferred

to the conduit is plotted versus time in figure A.17-6.

A.17.4 Conclusions

A combustion process beginning near the center of the condult and
burning only the sleeve of one of the motor lead cables will fit the
Tflight data for pressure rise end temperature and for quentiily sensor
behavior., Verification of this mechanism would reguire experimental
determination of thé combustion rates., the actual heat transfer rate
and the peossibility of burniné only a limited amount.of the polytetra-

fluoroethylene in the conduit.
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A.18 CALCULATION OF FLAME TEMPERATURES AND REACTION-PRODUCT

COMPOSITIONS FOR THE POLYTETRAFLUOROETHY LENE-OXYGEN SYSTEM

Equilibrium chemical calculations were performed for the chemical
system using the numerical technique of reference 1. The thermochemical
data necessary for this analysis were taken from the JANAF tables, ref-
erence 2. The enthalpies of formation for the polybtetraflucorcethylene
and oxygen under the Apollo 13 oxygen system conditlons, referenced to
298° R, are

AH§98 = —66.7 cal/gm (reference 3)
0
2

AH§98 = _2004.56 cal/gm

CoF,)p

The enthalpy of formation of the polytetrafluorcethylene represents
the best estimate as obtained from the combination of data taken from

several references.

A range of conditions were run for which the stoichiometry of the
mixture was varied as well as the total mixture enthalpy to investigate
the effects of non-ideal conditions on the mixture flame temperature and
composition. The effects of additional oxygen or diabatic conditions
lowers the flame temperature and pushes the composition away from the

ideal stoichiometric mixture conditions:

CEFh + 02 + 200 F2

By extrapolation the diabatic conditions back to the ~298° R initial
system conditions, the total heat available from the equilibrium chemical
reaction is approximately 2300 Btu/lb of polytetrafluorcethylene.
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A.19 CALCULATION OF FLAME TEMPERATURES AND REACTION PRODUCT

COMPOSITIONS FOR THE MYLAR-OXYGEN SYSTEM

Equilibrium chemical calculations were performed for the Mylar-oxygen
chemical system using the numerical technique of reference 1. The thexmo-
chemical data necessary for This analysis were taken from the JANAF tables,

reference 2. The heat of combustion for the Mylar and oxygen are:

AHR = 9850 Btu/1b

A range of conditions were run for which the stoichiometry of the
mixture was varied as well as the total mixture enthalpy to investigate
the effects of non-ideal conditions on the mixture flame temperature and
composition. The effects of additional oxygen or diabatic conditions
lowers the flame temperature asnd pushes the composition awgy from the

jdeal stoichiometric mixture conditions:
+
ClOHBOh 10 02 =+ 10 CO2 + H20

By extrapolation the diabatic conditions back to the 540° R initial
‘system conditions and using the totsl heat available from the equilibrium
chemical reaction, 9850 Btu/lb Mylar, the adisbatic flame temperature de-
creased from spproximately 5700° R to 2700° R at 2 stmospheres and from
5100° R to 2700° R at 0.1 atmosphere.
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PART B -
REPORTS OF TESTS PERFORMED IN SUPPORT OF THE CRYOGENIC
OXYGEN TANK 2 ANOMALY INVESTIGATION
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B.1 INTRODUCTION

An extensive experimental program was performed in suppori of the
Apolle 13 eryogenic oxygen tank 2 anomely investigation. This experi-
mental effort consisted of tests at the Manned Spacecraft Center, ab
other Waticnal Aeronautics and Space Administration centers, and at vari-
ous contractor and subcontractor facilities., Part B of Volume IIT is a
compilation of the reports from these tests.

A tabulation of the reports, including the report number and subject,
is shown in the table of contents.

The tests provided supporting data for accepting or rejecting the
various mechanisms postulated for the anomaly. For example, tests sup-
porting the most likely of the failure mechanism include those determin-
ing energy requirements for the various ignition mechanisms, energies
available, propagation rates of various tank materials, and various fail-
ure modes. Other tests determined the functional and transient response
characteristics of various components and instrumentation for nominal and
-.off-nominal operations. Still other tests determined the stimulus and
conditions reguired to duplicate those observed in the spacecraft and
© Oxygen system.

A master file of all test and supporting data concerning the anomaly
investigation will be maintained by the Apollo Spacecraft Program Office,
Manned Spacecraft Center, Houston, Texas 7T7058. If required, more de-
tailed information concerning each test may be obtalned by contacting the
manager of that office.
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B.2 CRYOGENIC OXYGEN DENSITY AND TEMPERATURE STGNAL CONDITIONER TEST

B.2.,1 OBJECTIVE

The objectives of this test were to determine the output.character-
istics of the signal conditioner when subjected to hot and cold tempera-
ture extremes and to establish the transient and steady stabte energy
levels that could be transmitted to the density and temperature sensor
probes under fault conditions.

B.2.2 TEST EQUIPMENT AND CONDITIONS

The locabion of the probe assembly within the cryogenic oXygen tank
and a simplified schematiec of each signal conditloner are shown in fig-

e Bc 2—10

The signal conditioners for the density and temperature probes for
each cryogenic tank are contained-within a single hermetically sealed
unit but are isolated electrically from each other through independent
power supplies.

. The signal conditioner was subjected to hot and cold témperature
extremes during three separate test sequences. The first sequence was
from ambient temperature (plus T0° F) to minus 125° F for 7 minutes, The
second sequence was from ambient temperature to plus 180° F for 7 minute:
The third sequence was from ambient temperature to immersion in liguid
nitrogen at minus 125° F for 1 minute. The signal conditioner was oper-
ating during these tests, and the equipment case temperature reached the
extremes of plus 180° and minus 125° F within 30 seconds. The case tem-
perature, when immersed in liquid nitrogen, reached minus 315° F within
10 seconds.

Tests were conducted to determine the transient snd steady state
energy levels thaet could, by any possible fault condition or combinstion
of instrumentation wiring, be transmitted to the density and temperature
sensors. During these tests, signal conditioner output wave forms were
also noted in order to correlate known fault conditions with those of
missicn telemetry data.
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B.2.3 RESULTS

The test sequences from ambient to hot and ¢old temperature extremes
indicated no effects grester than those predicted from temperature data
obtained during steady state gualification tests. The immersion of the
signal conditioner in liquid nitrogen did not affect the signal output;
however, the Nylon potting boots of the electrical connectors did crack.

The maximum transient energy that could have been provided by the
temperature circuitry was calculated (at nominal temperature) to be
0.1 x 10 6 joules. The measured energy was 0.006 x 10 ¢ joules. The
maximum steady state energy which could be supplied was by the density
circuit wder a fault condition of the low Z lead to ground through a
500-chm resistance. This steady stete energy was measured at 4.8 x 10 3
wabts.

The following is & list of the more significant fault conditions and
their effects on the signal conditicner oubtput signal:

Fault Effect
Density probe intermittent Output rapidly decreased to
short circuit (low Z to high Z) zero, remained approximately

0.7 second, then slowly (1.5
seconds ) increased to correct

value
Density probe high Z short Output decressed to zero with
circuit to ground positive spikes every 1.5 sec—
onds
Density probe low Z2 short cir- Quiput decreased to zero
cuit to ground
Density probe ¢pen circuit Qutput increased to full scale
Density probe intermittent Output oscillated

short-circuit period less than
1.5 seconds

Tempersture sensor short circuit  Output decreased to zero

Temperature sensor short circuit  Oubtput decreased to zero
to ground
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Temperature sensor ground side
open circuit

Temperature sensor high side
(+) open circuit

Short circuit temperature sen-
sor ground side %o density probe
high 2

Short circuit temperature sen-
sor ground side to density probe
low 2

Short circuit temperature sen-
sor high side to density probe
high Z

Short cireuit temperature sen-
sor high side to density probe
low Z

Qutput increased to full scale
Qutput decreased to zero

Density oubput increased to‘
full scale, temperature output
did not change

Density output decreased %o
zero, vemperature output de-
creased slightly

Density output oscillated,
temperature output d4id not
change

Density output decreased to
zero, temperature oubput
cseillated

-B.2.3 CONCLUSIONS

The temperature tests performed had no effect on signal conditioner
output. The energy levels provided to the density and temperature sensor
were insufficient to create or support combustion within the cryogenic
tank. The observed signal conditioner signal oubtput wave forms indicated
that the most probable failure modes were associated with an intermittent
or short circuit of the density probe leads.
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B.3 PRESSURE TRANSDUCER RESPONSE TEST

B.3.1 OBJECTIVE

One objective of this test was to determine the differential pres-
sure between a simulated oxygen tank and the flight transducer as a func-
tion of mass flow through the relief valve assembly when the entire system
is conditioned to the actual Apollo 13 oxygen tank pressure and tempera-
ture. Another prime objective was to determine the response of the flight
transducer to a step pressure stimilus.

B.3.2 TEST EQUIPMENT AND -CONDITTONS

The test fixture was a modificabtion of the system used during the
ambient condition tests (Tig. 3-1). A blowdown test, using gaseous oxy-
gen at minus 130° F was completed by first pressurizing the system to
985 psig and allowing it to temperature stabilize. Then as rapidly as
possible, the shock tank was used to dynamically pressurize the simulated
oxygen tank to 1060 psig. To increase the pressure from 985 to 1060 psig
required 32 milliseconds.

B.3.3 RESULTS

A maximum difference of 9.0 psi (fig. B.3-2) was observed between
the oxygen tank pressure and the relief valve assembly inlet pressure
(flight transducer reading) at a relief valve flow rate of 182 1b/hr.
The differential pressure bebween the two ground support equipment trans-
ducers was 4 psi at the same flow rate. The pressure stimulus of 75 psi
required 24 milliseconds (fig. B.3-3) to transmit from the simulated
oxyegen tank through the equivalent spacecraft line length to the relief
valve assembly. The f£flight transducers responded to the pressure stimu-
lus ab the same time as the ground support eguipment relief valve trans-—
ducer. Each achieved 100-percent of the step input in 57 milliseconds,
corrected for the inability to produce a step pressure stimuluvs at the
similated oxygen tank.
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B.3.h CONCLUSIONS

This test indicates that, within the measurement range, the pres-
sure transducer is capable of following any change in pressure that may
occur between sample times.
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b) Test stand
Figure B.3-1.- Concluded.
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B.4 PRESSURE TRANSDUCER RESPONSE TEST

B.h.1 OBJECTIVE

The objective of this test was to determine the differential pres-
sure between a simulated oxygen tank and the flight pressure transducer
(mounted on the valve module) as a function of mass flow through the
oxygen relief valve assembly at ambient conditions.

B.4.2 TEST EQUIPMENT AND CONDITIONS

The spacecraft plumbing was simulated (fig. B.4-1), using the Darcy
equation for cslculation of equivalent line lengths. A flight-configured
oxygen filter and valve module assembly were used. All blowddwn tests
were conducted with ambient gaseous oxygen. Six test sequences were
accomplished by first pressurizing to 950 psig and allowing the tempera-
ture to stabilize. Then the system was dynamically pressurized at a
rate of approximately 2 psi/second until predetermined relief valve in-
let pressures of 1001, 1020, 1028, 1028, 1038, 1046, and 1048 psig were
achieved.

B.L.3 RESULTS AND CONCLUSICNS

The maximum difference observed between the oxygen tank pressure

and the relief valve assenbly inlet pressure (flight transducer reading)
was 18 psi at a relief valve flow rate of 82.3 1b/hr.
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B.5 OXYGEN VALVE PRESSURE_TRANSDUCER RESPONSE TESTS

B.5.1 OBJECTIVE

The objective of this test was to determine the response of the
oxygen pressure transducer to a 500 psi step change after the oxygen re-~
lief valve was open and flowing.

B.5.2 TEST EQUIPMENT AND CONDITICHS

Pwo dynamic pressure response tests of the oxygen valve module
pressure transducer. The system used for the previous test (fig. B.4-1)
was modified (fig. B-5-1) to provide a step pressure input to the simu-
lated oxygen tank for determining the response of the flight-type trans-
ducer to such a step pressure stimulus. As in the previous tests, the
oxygen system was pressurized to 950 psig and allowed to temperature
stabilize. The system was then dynamically pressurized at a rate of
2 psi/second until the oxygen relief valve opened and the flight trans-
ducer had stabilized at approximately 1015 psig. After pressure stabili-
zation, the simulated oxygen tank was subjected, as rapidly as possible,
to a step pressure input of about 500 psig (that is, pressurized from
approximately 1040 to 1540 psig).

B.>.3 RESULTS AND CONCLUSIONS

The step pressure increase at the simulated oxygen tank was achieved
in -4 milliseconds (fig. B.5-2). The pressure stimuli required 16 milli-
seconds to transmit from the simlated oxygen tank through the equivalent
spacecraft line length to the oxygen valve module assembly. The flight
transducer located on the wvalve module assenbly responded to the pressure
stimili at the same time as the ground support equipment transducer and
in 45 milliseconds, including the 16 milliseconds delay, had reached a
steady state 6 V' dc output, which is the eléctrical output limit of the
transducer and corresponds to approximately 1300 psig. The ground sup-
port equipment pressure transducer, which is located at the valve module,
and is redundant to the flight transducer, responded to the full step
pressure in 96 milliseconds, including the 16 milliseconds delay.
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B.6 CRYOGENLC OXYGEN PRESSURE TRANSDUCER TEST

B.6.1 OBJECTIVE

The object of this test was to determine the callbration and response
characteristics of the oxygen pressure transducer when suvbjected to high
and low temperature extremes.

B.6.2 TEST EQUIPMENT AND CONDITIONS

A schematic of the test equipment is shown in figure B.6-1. Before
the test, the transducer was calibrated at ambient temperatures through-
out its instrumented range of 11.7 to 1100 psia. Dabta were also obtained
at. the nominal operating pressure of 900 psia and at ambient pressure
(14.7 psia) while the transducers input power varied throughout the mini-
mum end maximum operating voltages (22 to 32 V dc).

The trensducer was subjected to a high temperature extreme (190° F)
for 25 minutes at a constant pressure of 900 psia and then returned to
ambient temperature within 18 minutes.

When the transducer was subjeched to a cold temperature extreme from
ambient temperature to that of liquid nitrogem for 10-1/2 hours, the tem-
perature was decreased at the rate of 283° F per minute. A constant nom-
inal operating pressure of 900 psia and minimum input voltage of 28 V de,
were maintained.

A post-test calibration of the transducer was conducted at ambient
temperature.

B.6.3 RESULTS

The transducer pretest calibration, high temperature, and the.input
power variation tests were all within nominal limits. During the low
temperature test, the transducer output voltage exhibited a positive in-
crease significantly below minus 160° F and became erratic when in con-
tact with liquid nitrogen, finally dropping to zero output voltage at
minus 305° F. The post-test calibration indicated a positive bias of
approximately 30 psi (fig. B.6-2).
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B.6.4 CONCLUSION

The pressure transducer used in the cryogenic oxygen valve module
is satisfactory at both high and ambient operating temperatures. The
transducer is also satisfactory when operated to a low temperature ex-
treme of minus,l60° F, but below that temperature, the transducer is un-

stable and erratie.
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Figure B.6-1.- Pressure transcucer temperature effects test equipment.
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B.7 OXYGEN TANK TEMPERATURE SENSOR RESPONSE TEST

B.7.1 OBJECTLVE

The objective of this test was to determine the response time of the
oxygen temperature sensor when the unit is subjected to a large change in
temperature.

B.T7.2 TEST EQUIPMENT AND CONDITIONS

The test set-up is shown in figure B.T7-1l. Liguid nitrogen, dry ice
alcochol, and ambient alcohol were used as the test fluids. The outputs
of the temperature and density signal conditioner were recorded end the
test fluid temperature was monitored during the following tests.

a. Using an oxygen temperature sensor mounted on a density probe,
the temperature was measured at ambient. The sensor was then submerged
in an open~mouthed dewar of liquid nitrogen (fig. B.T-1), and the time
required for stabilization was recorded.

b. The sensor was then submerged in a dry-ice alcohol bath and the
time required for stzbilization was recorded.

¢. The sensor was finally submerged in ambient alcohol and the time
required for stabilization was recorded.

B.7.3 RESULTS

The time and temperature response curves from ambient temperature
to liquid nitrogen temperature, to ice alcohol temperature, and finally
to ambient alcohol temperature are shown in figure B.7-2, The zpproximate
stabilization times were 31 seconds from ambient to liquid nitrogen ter
perature, 100 seconds from liguid nitrogen to dry-ice alechol temperata
and 110 seconds from dry-ice aliechol to ambient alcchol temperature.
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Figure B.7-1.~ Temperature sensor response test schematic.
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B.8 FUEL CELL RADIATOR INLET TEMPERATURE SENSOR RESPONSE TEST

B.8.1 OBJECTIVE

The objective of this test was to determine the conditions that would
be required to duplicate the observed thermal response of the temperature
sensor installed on the Apollo 13 fuel cell water/glycol line.

B.8.2 TEST EQUIPMENT AND CONDITIONS

The test set-up (figs. B.8-1 to B.8-5) consisted of a flow bench, a
radiant heating system, and instrumentation to record temperature and
heat rate. Tests were conducted with heat applied under both flow and
no=-flow conditions. A series of test sequences were conducted in an
effort to reproduce the 1.4 deg/sec slope recorded in flight.

B.8.3 RESULTS

Test results indicated that the flight profiles could not be repro-
duced under no-flow conditions. However, under conditions of a flow of
80 1b/hr, a water/glycol temperature of 94° F, and a radiant heat rate
of 0.92 Btu/ft2-sec, the flight profile with a slope of 1.4 deg/sec was
reproduced, the initial response of the temperature sensor occurred in
0.25 second after the application of heat (fig. B.8-6).




Figure B.8-1.- Flow bench.
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9TT

Water/ glycol
from flow bench Radiant array (2500 watts)

[ BE Y BN |

Thermocouple 1 (air) Thermocouple 5+

Test sensor 6
Thermocouple 2 Thermocouple 3 i ){-Heat rate sensor

' . 7 V / x 0.020 inch
.
1"3/4 inches | / ; | - -4 ;/8 miches ———————— g —1/4

wall tube

! Thermocouple 4-..‘ (cres 304)
u_llllill eleleililoiddldldlddleidedeledledddd A2 L T T rrrrrr1IzzrzrsT

Simulated spacecraft wall

Figure B.8-3.- Radiant heating array test set-up.




Figure B.8-4.- Test specimen and radiant heating array.
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Figure B.8-5.- Detailed view of test specimen.
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B.9 AC BUS 2 VOLTAGE TRANSIENT TEST

B.9.1 OBJECTIVE

The objective of this test was to determine the amplitude and time
durstion of an ac bus 2 transient that could cause the thrust wvector con-
trol gimbal commend signal disturbances observed on telemetry data from
the Apollo 13 stabilization and control system.

B.9.2 TEST EQUIPMENT AND CONDITIONS

Two sets of three variable-freguency power supplied were used to
create 400-Hz, 3-phase power for both ac bus 1 and ac bus 2. Using a
precision pulse generator and a modified control oscillator, a glitch
with a controlled voltage drop and pulse width was placed on ac bus 2.
The response of the pitch and yaw gimbal command telemetry signals, and
other pertinent signals, to a matrix of ac bus 2 voltage drops and pulse
widths were recorded on strip charts.

. The gyro assembly used to represent gyro assembly 2 in this test was

a nonflight production unit that had been modified to the electrical con-
figuration of the Apollo 13 gyro assembly. Two electronic control assem-
blies were used. One was a modified nonflight production unit, but con-
tained & lunar-module-on notch filter of the Apollo 8 configuration, which
had a different frequency response than the Apollo 13 lunar-module-on
notch filter. The rate signal wave shape and magnitude were affected
accordingly. The Apollo 8 type electronic control assembly was replaced
in the test setup by an Apollo 13 type electronic control assembly bread-
board. Tests using the Apollo 13 type electronie control assembly accu-
rately reflected the difference in lunar-module-on notch filter frequency
response between the two electronic control assemblies. All data used in
this report were taken from the test set using the electronic control
assembly Apollo 13 type lunar-module-on notch filter.

B.9.3 RESULTS

Performing the ac bus 2 transient test without the gyro assembly
powered up showed that the ac bus 2 transient did not cause the gimbal
command signal disturbances until ac bus 2 voltages dropped below 60 V rms
for reletively long pulse widths. Volbages below this level overtaxed
the dc supply regulation capability within the electronic control as-
sembly. When the test was performed with the gyro assembly 2 powered
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up, the output of the gyro assembly 2 (rate) was significantly affected
by ac bus 2 voltage transients. It was therefore concluded that, for
transients sbove 60 V rms, the gimbal command signal disturbances re-
sulted from the rate output of this gyro being disturbed by ac bus 2
transients and that this rate signal wes passed and amplified by the
electronic contreol assembly withoub additional bus tramsient induced:
disturbances.

A test matrix of ac bus 2 voltage drops versus pulse widths and
the peak responses of the thrust vector control gimbal command signal
disturbances for each combination of voltage drop and pulse width are
given in tgble B.9-I. Approximately 10 response samples of the signal
disturbances were made for each transient voltage drop/pulse width com-
bination. Of the 10 response samples, only the largest and smallest
samples were used to establish the response range. The maximum zero-
to-peak magnitudes of these two response samples are recorded in
table B.9-I, Maximum zero-to-peak magnitudes of the signal disturbances
observed on Apollo 13 flight telemetxry are shown in figure B,9-1.

. Data interpolated from the constant pulse widths were used to plot
a bounded area of transient pulse width versus tramnsient voltage drop
for a constant signal disturbance response. Figures B.9-2 and B.9-3
show the bounded area for signal disturbances of 0.12 deg/sec, which
corresponds to the largest disturbance observed on Apollo 13 f£flight te-"
lemetry and shown in fig. B.9-1, disturbance number 3, pitch axis, and
0.09 deg/sec, which corresponds to figure B.9-1, disturbance number 3,
yaw axis. Figures B.9-2 and B.9-3 indicate that the transient pulse
width could have been as much as 150 milliseconds. The test data showed
that the first half cycle time of the thrust vector control gimbal com-
mand response could be correlzted to the pulse width of the ac bus 2
voltage transient. Curves of constant transient voltage drop relating
first half cycle time to pulse width are shown in figure 9-4. Based on
these curves and on the First half cycle times of pitch and yaw signal
disturbance number 3, the predicted corresponding ac bus 2 voltage tran—
sient puise width was 20 milliseconds. For a 20-millisecond transient,
the ac bus 2 voltage must drop to between 65 and 90 V rms to cause a
0.12 deg/sec signal disturbance. A comparison of flight telemetry and
laboratory duplicated disturbances is shown in figure B.9-1.

Test data also showed a 15-millisecond delay between the leading

edge of the ac bus 2 voltage drop and the start of the induced signal
disturbance.



izz

B.9.4 CONCLUSIONS

The Apollo 13 telemetry thrust vector control gimbal command signal
disturbances were successfully duplicaeted using a stabilization and con-
trol system in the Systems Dynamies Laboratory. An aec bus 2 transient
voltage drop from 115 V rms to between 90 and 65 V rms for approximately
20 milliseconds duplicated the largest thrust vector control gimbal com=-
mand signal disturbance observed on Apollo 13 stabilizetion and control
system telemetry dats. ’



TABLE B,9-1.~ TEST MATRIX OF VOLTAGE DROPS AND PULSE WIDTHS

AND GIMBAL, COMMAND RESPONSES
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Pitch TVC gimbal command -

Yaw TVC gimbal command

Tinme, Potential, -
Milliseconds | &¢ Volts Minimum | Maximum Minimum | Maximum
deg/sec | deg/sec deg/sec | deg/sec
10 95 0.02 0.0kl 0.036 0.062
10 85 0.048 0.056 0.098 0.056
10 75 0.0k 0.06h4 0.0h8 0.056
10 65 0.056 0.072 0.048 0.088
20 95 0.056 0.10h4 0.076 0.084
20 85 0.069 0.136 0.076 0,124
20 75 0.08 0.16 0.128 0.152
20 65 0.12 0.192 0.1kl 0.16
30 105 0.036 0.088 0.048 0.076
30 95 0.06h 0.16 0.088 0.128
30 85 0.006 0.184 0.12 0.18
30 75 0.1k 0.26 0.18 0.25
40 105 0.048 0.10 0.052 0.088
40 05 0.112 0.152 .12 0.1Lk
Ty 85 0.128 0.16 0.16 0.18
Lo 75 0.2 0.26 0.256 0.316
50 105 0.128 0.164 0.068 0.10
50 100 0.1k 0.2 0.06L4 0.128
50 95 0.18 0.28 0.064 0.20
60 105 0.088 0.128 0,096 0.20
60 100 0.22 0.26 0.104 0.192
60 95 0.36 0.k0 0.16 0.22
5 105 0,112 0.176 0.10kL 0.16
75 100 0.30 0.34 $.18 0.20
75 95 0. bk 0.50 0.28 0.34
100 105 0.088 0.152 0.096 0.1hk
100 100 0.28 0.38 0,22 0.32
100 95 0,60 0.64 0.46 0.50
125 105 0.096 0.1hh 0.048 0.096
125 100 0.22 0.30 0.16 0.22
125 95 0.kh 0.60 0.18 0.48
150 105 0.12 0.1hh 0.096 0.1hk
150 100 0.18 0.2} 0.1% 0.18
150 95 0.32 0.4k 0.30 - 0.40
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B.10 VARIATIONS IN OXYGEN PRESSURE ON FLOWMETER QUIPUT TEST

B.10.1 OBJECTIVE

The objective of this test was to define the effect that veriations
in oxygen pressure and temperabure would have on flowmeter cutpub.

B.10.2 TEST EQUIPMENT AND CONDITIONS

4 vest svand (figs. B.1l0-1 and B.10-2) simulated the spacecraft vol-
umetric and pressure drop characteristics beginning with the check valves
at the fuel cell assembly valve modules and included the flowmeter, fuel
cell assembly pressure regulgtors, flow control valve (fuel cell assembly
load simulation)}, and a facility flowmeter. The gaseous oxygen facility
supply provided the necessary pressure regulation and step pressure changes
together with a heat exchanger capable of cooling the 0.5 1b/hr gas flow
to minus 125° F. The flow rate through the simulated fuel cell was held
constant for all operstions. The system operating procedures were as fol-
lows: )

a. Test A - Cool the flowing oxygen gaes upstream of the flowmeter
as rapidly as possible and cbserve flight flowmeter output. ’

b. Test B - With oxygzen gas flowing at a relatively constant cold
temperature, observe flowmeter cutputs at incressed and decreased opera-
ting pressures.

¢. Test C - Waym the flowing oxygen gas upstresm of the flowmeter
as rapidly as possible end observe the flight flowmeter output.

d. Test D - While oxygen gas is flowing at ambient temperatures,
provide step inereases and decreases in pressure and observe Fflowmeter
output.

B.10.3 RESULTS

Throughout the test, the step pressure incresses resulted in the
Tlovmeter output showing a spike due to ineressed flow during pressure
equalization of the downstream line volume. At ambient temperature, a
pressure change resulted in no change in indicated flow rate, except for
the spike.
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At low temperatures, an increase or decrease in pressure resulted
in a corresponding incresse or decrease in indicated flow. At constant
pressures, an increase or decrease in gas temperature resulted in a cor-
responding increase or decrease in indicated flow. However, these changes
in indicated flow cccur slowly because of the thermal mass of the flow-
meter.

B.10.k CONCLUSIONS

The changes in flowmeter output as a function of pressure and tem-
perature are the result of the specific heat characteristics of oxygen.
The flowmeter is sensitive to the specific heat of the flowing gas; oxy-
gen specific heat varies little with pressure and temperature changes in
the ambient temperasture range but varies greatly with pressure and tem-
perature in the minus 100° ¥ range. The flowmeter behavior was as expect-—
ed, based upon specific heat characteristics.
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Figure B.10~1,~ Flowmeter transient test set-up.
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Figure B.10-2.- Flowmeter transient flow table test stand.



B.11 OXYGEN TANK FAN MOTOR FUSE BLOW CHARACTERISTIC TEST

B.11.1 OBJECTIVE

The objective of this test was to determine the current/time charac-
teristics of the fuse for the oxygen tank fan motor.

B.11.2 TEST EQUIPMENT AND PROCEDURES

The test was performed in room ambient conditions (approximately
T72° F and 14.T psia). The time required to blow the fuse was measured
at five current levels using three fuses at each current level. The test
setup was as illustrated in figure B.ll-1l with the power supply set at
approximately 25 V de and the resistor RL adjusted to limit the current

to the desired level. The data were recorded, and the currents were cal-
culated by dividing the recorded voltages by the measured resistances.

B.11l.3 RESULTS

The results are plotted in figure B.11-2.
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B.12 INVERTER TESTS
B.12.1 OBJECTIVE

The cbjective of these tests was %o determine'the Apollo inverter
performance parameters under specified load conditions.

B.12.2 TEST EQUIPMENT AND CONDITIONS

The tests were divided into four classifications.

a., Test A - Three-phase increasing balanced step loads in about
l-ampere steps

b. Test B -~ Line-to-line (phase A to phase B) increasing unbal-
anced step loads in szbout l-ampere steps

c. Test C - Single-phase (phase C to neutral) increasing unbal-
anced step loads in dabout l-ampere steps

d, Test D - Fused line tests.

Tests A, B, and C were conducted with the resistive load current
steps starting from a steady-state balanced condition of about 0.75 am-
pere per phase at & 0.8) legging power factor. These tests were repeated
with the resistive load current steps starting from a steady-state bal-
anced condition of about 1.0 ampere per phase at a 0.9 lagging power
factor.

Test D was conducted for a steady-state load of about 1.0 ampere at

a 0.9 lagging power factor with the following resistive loading current
steps:

a. Pour amperes, 8 amperes, and short-circuit loads through a
l-agmpere fuse in =sach phase

b. Four amperes, 8 amperes, and shori-circuit loads through =
l-empere fuse in phase C only, with pheses A and B remaining at the
steady—state load conditions.

All tests were conducted with a 28 V dec input to the inverter. Fig-
ure B.12-1 is a schematic diagram of the test setup. The inverter was
mounted on a water-cooled heat sink. The input voltaege was monitored with
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a digital voltmeter. The input current was measured through & 100-ampere
shunt with its output displayed on a millivoltmeter and recorded on an
oscillograph. The output was monitored with an ammeter, voltmeter, and
power factor meter in each phase. A load bank was connected to the out
put through two three-pole relays to control separsbely the applicatior
.of the. steady-state loads (relay 1) and the step loads (relay 2). The
voltage across the loads was recorded on the same oscillograph as the

de' current measurement. An chmmeter was connected to the resistance'’
thermometer that monitors the critical temperatire within the inverter.

Test B involved line-to-line loading and required a separate load
bank thet was series-connected to faeilitate the higher voltage levels
of this mode of operation. This load was switched through the contacts
of relay 2 for A phase and B phase. This load bank was disconnected
during all other tests. Line-to-line volbtage was measured with a sepa-
rate voltmeter, and current was measured with an ammeter and a calibrated
current transformer.

B.12.3 RESULTS

The results are presented in table B.1l2-I, which alsoc includes the
nominal step loads (currents that were preset into the load bank before
each step and based on resistors of about 1l0-percent accuracy and g volt-
age of 115 V rms). The actual current was measured through the ammeters
during the application of the steps until the current exceeded 5 amperes.
Beyond 5 amperes, the actual currents were compubed for each phase, except
for test B. The compubtations were based on the measured voltege on each
rhase end the impedances preset into the load bank for each phase. . Dur-
ing test B, a direct measurement of the line-to-line current at all load
settings was obtained. The transient voltages recorded are the maximum
change in peak voltage. The surge current values shown are the pesk
change in inpuit current over the steady-state value of the current. The
temperature measurement 4id not vary significently or become a critical
factor throughout the tests. ’

The inverter did not appear to have been demaged in any way from the
tests, It returned to a normal operating condition after each step.
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TABLE B.12-I.- TEST DATA - Continued
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TABLE B.12-I.- TEST DATA - Continued

rmsT A 4-19-70
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TABLE B.l2-I.- TEST DATA -~ Continued
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State 2 tn B : Steady State
A= 1.15  V=20Q ¥ ® 1 * =20 ~15 | ~15
.1 Amps Io1 1.45| 1.7]1".75 | 115 | 114 [115.5 26ms| 26ms| 26ms 7.0
= 8nh nissed récov Sms
A=2.3 V=190 , 20 ] =22 | ~20
* * * 4 32ms! 32ms| 32ms
2‘2 2- L]
2 AR amp 5262 T34 116.2 {322 30 425 15.4
116 .5i 28mg| 30ms| 24ms 20us
v N ™ » O .
V=180 116 [116.2) ¢ | =30 |20 =22
ddmsl 37ms) 36ms] . 23.8
3 A=3.45 3.085.48] .75 118.5/ 5z i‘j4 136 B .
I<2.7 30mg| 30ms| 30ms 20ms
ES
-42 | 50 | -31
v = 180 116 | * rons | A2ms| 42ms 8.2
4 A=5 4.2_5 4'.65 .75 110 12; 5-+4b s P 56
I=3.9 *2| 52ms{ 520s| 32ms Sous
_ 50 | ~48 | ~41
5 2=6.5 V=180 ABma 46ns| 46me 48.8
' P | BT 1 ah) | 1487
= N 3
I1=5.0 118.4% 1077121.5 4253 42| 45ms 44 ms
~54 | =56 | ~51
V=180 58mol 57ms| 56ms 59.4
6 |a=8 % £ 03 ms
I=5.9 115.4 104¥%121.5Miseed Recpovery!
-5TV -39 | ~54
V=162 4 R o 57msl 58msl 5Tms gggﬂ
T 695 14 g 111.9 98.4119.5
* Missad Recovery

*Indicates calceulated data
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TEST B  April 19, 1970

TABLE B.12-I.~ TEST DATA - Continued

AAC Volts{Peax)

Fominal AG AC Amps AC Volts (xms) N Alngs TC
Ste Amps/9 (hetaal)  [(Steady-State)| L Il (Fanimua
P *n " N A - e oIl ‘\
(Load Zank rensient)
Switch Setting)} A | B! C { A | B jc | A& | ™ |C T
=75 1-80 {55
V=146 ¥ * % Homs | 50mst 56ms) T2.6
‘8 A=12 | 101 [*88.5112.50 455 { 452 | 449
I=7.4 DR P H7ms | 58ws! 56w d4us
“= | =77 | =94 | -6
9 A=16.5 V=120 * * * BBns | 59ms] 98ms 79.2
A 85.6 | 74.7105.5] +45 [ 44€ [+57
1-8.4 S7ms | 66us| 6oms| 0018
130 179 | ~109
*
Shoxt V=0 M * 2ms | 30ms| 30ws 101
10 26.9 } 26.9 51.6‘_130 5 a5
Cireuit I=10.7 ims | 7T7ms| 1 7as 28ns
LAST, VAIUE DID
NOT PVERS[IOOT.
VALULS ARE FOR
RECOVERY 100
o0 BTATRE,

*Indicates calculated data
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TABLE B.12-I.- TEST DATA - Continued

ehT

TEST ¢ April 19, 1970

T 0 Talks A%
Feminal AC AC Amps  WC Volts (xms) PA“(,",:‘}_: :ge?" 1 Aizps DC
Step Arnzs/9 (Actual) (Stendy-State) Plcsiomnt i) (¥axizun
» (Load Zank

Trensient)

Switeh Settingd A B C | & 3l ¢ | A By C

Steady | 0.754/0 at -+ | '
State .81 P.F. ;

A=1 amp
0 “C" only EXAMINATION OF THIS! TEST| DATAf

INDICATED SOMECHING! ERRARIC

IN TEE TEST SEFUP .| ALt paTa

IS TNVALID

*Indicates calculnted daia



TABLE B.12-I.- TEST DATA - Comtinued Nof REPRODY CIBLE
TEST A April 20, 1970 d_,//

Nominal AC AC Amos AC Volis (xms) AC f?lfSEreax, Atmps DO
Azps/@ — N Faximom P
Step JATESL S {fctual) (5teady-Stnin) RIS (inxirms
(Lond Pank ' - Transiont)
Switch Setting) 4 B C A B3| C A B c
Steady ) 15.0 (steady
State 1 amp 0.9 P.F.11.05{ 1.0] 1.0 115.21?51)'116 state)
~20 |-20 }18 | '
1Cms [i2ms 1Oms 16,5
1 A= 1 amp/o [1.95]1.95 11,92 [115.21114.7/15.0F 55 50— a0 16'0} 20 us
20ms 20ms POms *
~38 L40 38
23ms 20m3 P3Ims 0
2 A= 2 amp/0 [2.92[2.88 12.89 1151114 5015.0[55 1150 645 ;13‘0} 37 ms
3Tms (3Tms BTms .
~45 40 150
- 25ms PSms 22ms ]
3 A= 3 amp/0 {3.85 [3.82 [3.83 1150}114.21114.5 5 g 55 32'2}40 s
dms Adms [4ms .
) . . 60 60 L5g
| 2 5ms B0ms §3my
4 A= 4 amp/o .9 [4.87 .85 15.00114.0 }14.0 P22 [1O00. {iIms 70-0} 54 ms
: Missed Recovery 66.7
. L70 165 kvo
_ : | 3ms fi2ms 37ms | g
5 A= 5 amp/6 5. 88%5.,82%5,82°¢114.513.2 [13.2 50 55 60 g;ﬂ 47 ws
10ms YOms {Oms T
. ~-80 -70 |70
- - o Ai0ms 50ms [{0ms
6 A= 6 amp/0  B.75*6. T4¥5.81%112 5012 2 113,225 '1_55 20 18; } 65 ms
46ms 14Gins {W6ms
80 |-80 -85 | 109
45ms 145ms 4 0ms } 24 ms
7 A= 7 amp/@ 7. 31%47.25%7 .25%106. 5105, 5105 .5 I &8%E:
Missed Recoveryl Shifted galve

#Indicates calenlated dnto
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TABLE B.12~I.- TEST DATA -~ Continued

TEST A April 20, 1970

T

- Tolt X ;
Mmiff}eﬁc AC Arps AT Volbs (wms) PAC (‘_-fi.-f.(fea'{’ Almzs I
Step Amps (kctual) (Steady-State) sl (dnximus

(Lozd Bank
Switch Setding] A | B} ¢ | A | 3] ¢ |"A T | C

mn 3 s
iIanslen

=~80 | =85 | =80

¥ - ¥ i

8 = ! L7117, £ 3 ) | 32mst 35ms| 35ms| 115.5
A=8emp/o (1.67|7.62]7.56 99.4 98.5 98 | 32msl 35me) Soms| 11951 55

55ms} 53ms{ 55ms

~80 | -95 | -90 :
- x * i 30mct 28ms) 30ms 115.5} 53 ms
9 - | A= 10 amp/0 [8.241{8.17{8.15| 870 86.2}.86.,0| 165 [ +55 | +05 | 108
: 49ms] 45ms: 45me
120 +105 | =90
& . - | 25ms| 25ms| 25ms]| 122 } 45 ms
10 A= 12 amp/6 [8.6518.54 18.52 | 77.2] 7621 76.0] +60 ; +55.1 +55 | 108

50ms| 50| 50ms

L1410 | -85 [ =120

: 19me; 17ms| 1Tmsj 128 }

i A= 15 amp/@ 9.05*8.9;6.’9‘2* 65.5] 64.5| 645! +60 | +53 {455 | 102 f 45 ms
) 50ms| 50ms]| 50ms

Shut| Shut| Shut

N ' s logr logr | 124 }
re 0 0 0 g 10 ms
12 Short Circuit to | to o 16.5
ﬂoll ITO"‘ 110!1 .

XIndicates calculated data
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TABLE B.12-I.- TEST DATA - Continued

NOT REPRDDUCia‘-"—

TEST B_ A}:ltril 20, 1970 I
N mverd yore 751ts(Teak
N“}i“:}éﬂc AC Amps AC Volis (xme) Aﬂcf ?% “‘;'q T Almps IO
Step (nggwgqu {(hotual) (Steady-Staie) %,ﬁﬁ:_::L\ {¥asimum
Switeh Setting) B C A B 6 A 3 C Transient)
Steady {1 amp/e @€0.9 Pi|
State 1.06[ 1.00{ 1.00[115.5115.d115.5 ~ | ~ | - |15-0 (steady
A to B 7 21155 state)
V193 -10] <15 | 10
12ms 112ms (10« 10.0
1 T=1a |1.75[1.95[1.00 (114 |12 {119 [t —is |oig 9_5}20 ms
A= 1,15 amp 20ms 122ms 122ms
V=188 T ] -20) 20| -18
2 I=1.8412 55(2.8 |1.00 [114.2/110.2/121 5t cae- [F222 1208 | 13-0% 55 pg
251 +2 | +25 | 14.5
A= 2.5 27ns |22ns [20ms
- =35 | =40 | =25
¥;;Bg 20ms 23msl20ms 30.0
=3. +40 1 +55 | F40 ‘ }28 ms
5 A= 4 3.82(4.1511.05 (1142107 1123.5i50ms |28me bems | 290
- —40 | =48 | ~40
Togos 2058 |25ms 20w | 57.0 o
4 7 14.6514.98(1.05 [114.9104.5]124 5] 10| +407| 4307 ) 5 0}3 "
A= 5.2 e * i?.Gms 27ms Péma ’
V=176 -45 1 -60 | 35
I=4.95 20ms [29ms 118ms { 47.0 }37 ns
5 1.05 1114.5{102.51125.8; 50 & +4> | +45 | 46,2
A= 6.5 32ms 34ms Bims
V=170 -40 | =60 | <45
1=5.9 25ms {2555 |20ms | 57.0 }
6 - 6 1.05 111501985 [125.5\ 5051575 5551 53.0 § 42 1S
_ $Tas {57ns [57ns
V=141 =60[-80 | ~43
I=?.4 25.':15 ’):ffs 20ms 60.0
T A -9 [100.092.5 1150555 1r—57g 58_0}43 ms
N 4503 ;4)ms l23ms

//Nﬁzg&_c

-~ caleulated data
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TABLE B.12-I.- TEST DATA - Continued

ot

Nominal AC AC A=mps AS Volts (xms) aﬂc($°| =(Peai, Armps TC
Step Azps/8 (Actual)  |(Stendy-State) | moesecs) | (Famimum
(Load Bank Transiont)
Switch Sesting) A | B ] ¢ | A} B ¢ |'A | 2| C T
A to B
-701 ~90{ -55
- V=126 20ms |20ms [20ms | 64.0
. I=8.0 .8 192.0{73.0]108.0 +50 +45 | +40 59‘4}37 ms
4= 15 43mg 43mcidims
~130 |~120 | =90
v=0 84. }
20ms [20ms [25ms
9 Shoxt I=10.25 0 |15.0{15.0| 5005750 |s150 | 80| 13-C 23 ma
70ms [70ms |70ms
V= NOTE: Last
transient did
;= not overshoot
steady svate.
Transiént
Yt values given
. are recovery to
= steady state.
¥ h
I=

*Indicates calculated dato



TABLE B.12-I.-~ TEST DATA - Continued

4~20-70

Nomiral AC
Amps/9
(ioad Pank
Swileh Setiing)

AC Amps
(Actual)

(Stea

AC Velis (xms)

dy-State)

AAC Volts(Paak)
(¥rodmum

Mrnnad nv\t\

A

3

- C A

3 C

‘A B 0

1 amp /@ @ 0.9
P. P, leg

1.05

1.00

1.00{115.5

114.8115.5

A=1 amp, 6C

1.05

1.00

1.86 [118.0

116.0112.

=7 =10 [~10
10ms10ms [ 10ms

+5 5 [+5
15m915ms | 15ms

A=2 smp, 6C

1.08

1.00

2.751119.50116.0{110.0

-10 =15 | =15
15ms [12ms |12ms

+15 415 W15
2415 [24ms [24ms

10

a=3

1.10

1.00

3.621121,0

-i5| -20 | =25
10ms 12ms! 12ms

116.01108.

+20 | +20 | +20
24mgt 24ms| 24ms

13
13

D
.0

20ms

A=

1.170

1,00

4.50 {122,0

-20 | -20, -25
15710 20ms! 15ms

116.2106.

+25 | +30 | +25
27msr25ms 28ms

19

20
3

i 26ms

A=

1:15

1.00

5.28%123.0

-20 | ~30 | -35
20mws! 20msl 18ms

117.0105.7

+50 | +50 | 435
20ms} 20ms) 20m3

A=

1.12

1.00

7.43*ﬂ23.0

0 1 -35 | -50

_30’
18mey 20me| 18ms

113.5 96.0

Missed Recovery

A=6

1.10

1.00

5.12%

124

~40
1508

116.,5102.0

+35

22ms

#Ipdicates calculated data

Lyt


http:14-E115.10
http:1.051.00

_mest C

TABLE B.12<I,~ TEST DATA - Continued

4-20~70

Stev

Wominal AC
Amps/8
(Load Pank
Switch Setting)

‘AC Amps
(Actval)

A0 Volis
{Steady-~S

A

3

C A

B

1
1

11.10

1.00

6,70%124.2

116.0

29

-22

25ms)

3D

25ms

+40
24my

+40

24ms .

A=10

1.05

.95

s.ssyﬂng.c

109.C

88.%

..50
20178

-43

20ma

+35
25mg

+40
25mc

10

A=12

1.05

.90

9.08%115.5

104.0

—42]
15ms

wdd
135ms

81.

+33 |

S4ms;

+40
34ms

11

A=15

1.00

10.29110.G

98.d

T2.5

-10
103

=45
15ms

+40
3ITms

430
3Tme

12

Short Circuit

.60

.2

'@%610

49.53

-60
28m3,

-85
28ms!

170
T0ms;

170
T0ms

¥Indicatles calculated data
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TABLE B.l2-I1.- TEST DATA - Concluded

TEST D Apeil 20, 1970

s AD Valsel{gai)
L‘.omlnalaAC AC Amps AC Volts {xms) JM({-;;::,E.‘..%K’ Ahmps D
Step A:w..:.‘:s/,. ; (Actuaz) {Steady-Siate) it ) {wazimum
(Load Zank : ) Iransient;
Switch Settingy A | B{ ¢ { A | B | c | 4 | 2 | C
1 aop/6 @ * [1.05[1.00]1.00 [115.2115.d126.4 ~ | ~ | - | 15.0 Steady
Steady State
State 0.9 P.P. lag
1 Steady State + —ggms :32ﬁ :f:¢ 66
A4A/O through 25 o 4{5*5“ AT = 50ms
1A fuse/8 115.2215,0116.0 38mg| 36me! 3ams
=90 1 -75 | -85 96
Steady State + 255t 25ms| 25ns
2 115.9115.0115.5[ 455 1 450|555 AT = 25ms
A BA/6 through 40ms| 40ms| 40ms :
14 f‘ur-.n/ﬂ 5 55 30
Steady State + 115.5115. GL15. 5{ 15mei 15us| 15ms 20
044, €C thra PR L
+20 1 120 | +25 AT = 5
3 14 fuse 20ms] 20ms| 20ug = foms
Steady State + 115.5115. 0025, 5 20 | 740 (-~50
1C0rs| 25ms| 25us 30
ABA, 6C thru
4 14 fuge ¥40 1440 1485 1 gy _ ope
© 20w, 20ms| 20ms
~1€0| —150] ~160
%0 Short Ckb 115 { 115 015,77 .50s) 5ms | Sus 120
through 430 | +40 53C -
5 1 amp fuse 30mn3! 40ms| 40ns AT = T.5us
=30 | =60 |-160
1@ Short Ckt 115 1 115 {L15.7| Tos; Swes| Sus 23
% 5|3
A il e e I
1 amp fuse I f S Tt

*Indicates calculated date
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Recorder

inverter
O { Shunt -0 ¢A o @— @
Powet Y 0\
supply v \\1/
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& O=G
® [; - ’
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¢No
Cold plate
kL:’ Relav'l '.f. }Recorder
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1@ |L$— { loads
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A

F;gure B.12-1.- Test setub schematic.
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B.13 FAN MOTOR STATOR WIRE.OVERLOAD TEST

B.13.1 OBJECTIVE

The objectives of this test were to determine whether the type of

. wiring used in cryogenic oxygen tank 2 would ignite and burn in an over-
load condition and to determine what conditions are necessary to produce
an overload of the fan motor stator wire.

B.1l3.2 TEST EQUIPMENT AND CONDITIONS

The tests were conducted in a reaction vessel (fig. B.13-1) at
minus 170° (+ 10°) F with 940 psig oxygen. Figure B.13-2 is a schematic
of the test apparatus. The vessel was modified to accept thermocouple
insertion probes through the walls and base, and electrical feedthroughs
were made from thermocouple insertion probes through the walls (fig. B.13-3).

Attempts were made to overload the motor stator wire in the config-
uration shown in figure B.13-4, using a 115-volt, L40O-hertz generator. The
meximun current available from this generator was 5 amperes, which was in-
sufficient to fuse the wire. A 24 V dc power supply was then substituted
for the 115-volt, 400-hertz generator, and the wire was overloaded to
fusion. Post-test examinations were mgde to determine if the wire or in-
sulation would ignite and the burning propagate.

B.13.3 RESULTS

The results from a total of 14 tests indicate that 8 amperes are
necessary to fuse the motor stator wire at envirommental conditions of
040 psig and minus 180° F. The wire fuses in approximately 200 milli-
seconds at 10 amperes. A post-test examination of the test specimens in-

"dicated thet no insuwlation ignition occurred in any of the tests. The
discoloration evident in figure B.13-5 was apparently the result of the
conductor overheating and was not caused by interaction with the oxygen

"environment. Tests conducted in a high pressure nitrogen gas environment
revealed similar discoloration.
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B.13.4 CONCLUSIONS

The results of these tests indicate that the mobtor stator winding
wire is difficult to ignite by an electrical overload of the conductor.
Propagation of the burning is also very unlikely. The currents and dura-

tions required to fuse the motor stator wire are not within the capasbil-
ities of the electrical systems in the oxygen tank.



Figure B.13-1.- External view of test chamber.
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Power on-off switch
Probe
? Q
28 5 é ® ac-dc
shunt 4 oo g t
convertor i
wall
Current j A0 h
limiting
rheostat

Lo o—0O—L—{ power supply
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FigTre B. 13-?— Schematic of high pressure oxygen test apparatus.
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Figure B.13-3.- Internal view of test chamber.
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Figure B.13-4 .- Wire after dc test.




i o i b e, o
s 1l -
2 . g
: N 4
I I .

Figure B.13-5.~ Wire after dc test.
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B.14 PROMOTED IGNITION TEST OF METALS

BY BURNING POLYTETRAFLUOROETHYLENE

B.1Lk.1 OBJECTIVE

The objective of this sequence of tests was to determine if burning
polytetrafluoroethylene could have ignited the metallic components in
cryogenic oxygen tank 2. The ignition of such metals could provide addi-
tional energy as well as cause structural damage of the tank.

B.14.2 TEST EQUIPMENT AND CONDITIONS

The materials selected as possible energy sources were ignited with
l-gram or 2-gram samples of polytetrafluoroethylene 1 centimeter square
and 0.5 or 1 centimeter high, respectively (fig. B.1lLk-1).

The ignitions were conducted in a reaction vessel (1.75-inch inside
diameter and 6 inches high) equipped with a burst disk (burst pressure
3500 psig); oxygen purge, fill, and vent lines; thermocouple and igniter
power feedthroughs; and a pressure monitering transducer. In most cases,
tests were conducted in supercritical oxygen at minus 170° (+ 10°) F and
940 psig. Electrical energy was supplied by a dec power supply. The poly-
tetrafluoroethylene was ignited by electrically overloading 26-gage ni-
chrome wire. Figures B.14-2 through B.14-k4 are photographs and a schematic

of the test setup.

B.14.3 RESULTS

The results of 45 tests are shown in figure B.lk-1. Out of 23 tests
of the promoted ignition of l-inch square sheets of aluminum alloy 202k
and 5052, three ignitions of the metal occurred: two ignitions of the
0.012-inch sheet and one ignition of the 0.06-inch sheet. Selected photo-
graphs of the results from these tests are shown in figures B.1l4-5 through
B.14-8. Tests of the promoted ignition of the tank conduit material,
Inconel X750, were conducted and seven ignitions occurred out of ten tests,
with the several test configurations used. Representative photographs of
the residues from these tests are shown in figures B.1L-9 and B.1k-10.
To determine if ignition of the motor stator iron core was probable, seven
tests of motor stator segments were conducted. The segments were sectioned
from an oxygen tank fan motor and were ignited as indicated in figure B.1k.1l.
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The segments were partially consumed in all tests and photographs of the
residues are shown in figures B.1k-11 and B.1L-12. Five tests were con-
ducted on specimens simulating the electrical feedthrough region of the
fan motor housing, and ignition of the aluminum occurred. A photograph
of a specimen after test is shown in figure B.1L-13.

B.1k.4 CONCLUSIONS

The results of these promoted ignition tests indicate that aluminum
can only be ignited by burning polytetrafluoroethylene in certain con-
figurations. Aluminum sheets having thicknesses similar to those used in
tank applications did not ignite during the tests. All of the motor stator
core tests shown that the core segments are easily ignited by burning poly-
tetrafluoroethylene in this test environment. Similar conclusions can be
drawvn from the Inconel tube tests, particularly when the tube is configured
with a wire bundle similar to that used on the spacecraft.



TFE = Polytetrafluoroethylene

g = Weight of test item in grams

VFigure B.14-1.- Ignition configurations and results.

SAMPLE SIZE | NO.TESTS ﬂém SEMICIRCULAR SAMPLE S!_ZI NO. TESTS S|
TE NEL TUBE
" ATH e E |
emm |1y 1 NO IGNITION 0sg | 29 ] ONE IGNITION OUT OF 4 TESTS
INCONEL
oa% lg 1 NO IGNITION . TuBE
SEGMENT
0006 1y 1 NO IGNITION
VERTICAL - CONTACT (a) *  HORIZONTAL - CONTACT (7] AL
SAMPLE _ SIZE INO.TESTS  mESWIS _SAMPLE _ SIZE INO. TEST _RESULTS
_n__ﬁ__pn . IRON CORE DOUBLE "
= SEGMENT 33,34 | 79 ] 4 SEGMENTS IGNITED
0o | 1y 1 NO IGNITION .69
SEGMENTS
oo | 29 3 ONE IGNITION IMELTING
IND ICATED ON OTHERS)
amz | 24 ¢ TWO IGNITIONS OUT OF 6 TESTS
(b) (a)
SAMPLE SIZE  |NO. TESTS) RESWLTS SAMPLE _ SIZE INO. TESTS| RESWYS I
A A TEE
4 amz | 29 1 4 = 14", NO IGNITION MOCKUP CABLE ASSY| 3 2 SAMPLES IGNITED AND
[] IN INCONEL TUBE. PARTIALLY BURNED
w| 1 wos | 29 H € = 1, NO IGNITION IMELTING 14 CONDUCTORS
] IND ICATED)
ams | 24 1 4 = 1/Z°, NO IGNITION ,
NORIZONTAL - SEPARATED (c) (h)
SAMPLE  SIZE RESULTS
A i3
389
wosd | 2g 6 NO IGNITION (MELTING SIMULATED FAN
IND ICATED) MOTOR HOUS ING
L AND
Fidad] END PLATE
VERTICAL - KNIFE EDGE (d) (i)
: _SAWPLE_ SIZE RESULTS SAMPLE  SIZE  |NO. TESTS| RESULTS
STATOR SIGNE! T INCONEL TU
voror | 24 3| A saweLEs icNmE AD T 823, 3| AL SAMPLES IGNITED AND
STATOR 60-9% OF SECMENTS BURNED : 18 CONDUCTORS BURNED OR MELTED COMPLETLY
SEGMENT 4 F IN 1-INCH
8 CONDUCTORS
(TFE_INSULATED)
HOR IZONTAL = CONTACT (e) (j)

09T
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Figure B.14-2.~ External view of test chamber.
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Figure B.14-3.- Internal view of test chamber.
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Figure B.14-4 .- Schematic of test apparatus.



Figure B.14-5.- Post test residue from aluminum with no ignition.

Melted area
from igniter

Figure B.14-6.- Post test residue from aluminum = no ignition.
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Figure B.14-7.- Post-test residue from aluminum ignition and complete combustion.

Figure B.14-8.- Post-test residue from knife edge aluminum specimen no ignition.




Figure B.14-9.- Post-test residue from Inconel X750 with wire bundle ignition.

Figure B.14-11.- Post-test residue from motor stator core ignition.




167

Figure B.14-12.- Post test residue from motor stator core ignition.

N ——————— e

e AT D TR T TS ¢

Figure B.14-13,- Post test residue from simulated motor housing ignition.
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B.15 GSPARK IGNITION TESTING OF POLYTETRAFLUOROETHYLENE-
INSULATED NICKEL WIRE

B.15.1 OBJECTIVE

The objective of these tests was to ignite polytetrafluorocethylene-
insulated nickel wire using 115-volt, 60-hertz, sparks under various pres-
sure and temperature conditions in a 100-percent oxygen atmosphere.

B.15.2 TEST CONDITIONS

The test specimen consisted of a l-inch length of polytetrafluoro-
ethylene-insulated wire mounted vertically in a Pyrex holding fixture. A
2-1/2- to 3-inch length of contact wire, identical to the test specimen,
was frayed at one end with a single strand in contact with the conductor
through a nick in the test specimen insulation (fig. B.15-1).

B.15.3 RESULTS

The first tests were conducted under laboratory ambient pressure
and temperature conditions with the test wvessel purged with oxygen prior
to spark initiation. Ignition of the polytetrafluoroethylene insulation
was not achieved under these conditions.

The next three tests were conducted at pressures greater than atmos-
pheric (50 psig, 500 psig, and 940 psig) and at laboratory ambient temper-
ature. In all instances, the insulation was burned from both lengths of
wire. Pressure rises and slight temperature increases were observed on
all the tests.

The last test was conducted in 100-percent oxygen at minus 190° F and
940 psig. The circuit was protected with a 1.0-ampere slow blow fuse.
Power was applied with no temperature or pressure rise indicated. The
1.0-ampere fuse was blown. The fuse was replaced and power reapplied.
A pressure rise of approximately 138 psi was indicated with no noticable
rise in temperature. A post-test inspection revealed essentially the same
results as the ambient temperature tests, that is, the insulation was com-
pletely burned from both lengths of wire (fig. B.15-2).
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B.15.4 CONCLUSIONS

These tests indicate that ignition of tank wiring insulation, with
l-ampere fuse protection, can occur at cryogenic conditions.




Figure B.15-1.- Typical pre-test configuration of wire sample.




Figure B.15-2.- Post-test wire showing all insulation burned off.
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B.16 LOW PRESSURE IGNITION AND COMBUSTION TESTS

B.16.1 OBJECTIVE

The objective of this test was to investigate the ignition and com-
bustion characteristics of selected materials in a pure oxygen environ-—
ment at low-pressure (20 psia) and ambient-temperature. The sample
materials selected were representative of materials used in an Apollo
cryogenic storage system, such as various sizes of wire, dry lubrication,
and 60-40 lead-tin solder.

B.16.2 TEST EQUIPMENT AND CONDITIONS

The test set-up (fig. B.16-1) consisted of a small chamber fitted
with a camera view port; an oxygen gas management system capable of
charging the vessel with 20-psia oxygen and vacuum purging it; electrical
feedthroughs to provide power to the wire samples and to the liquid sam-
ple heaters; and provisions for the measurement of current (through the
wire or heater), voltage (across the wire or heater), pressure (in the
chamber), and temperature (wire proximity or immersion in the liquid).

A motion picture camera was used to record the events through the view
port. The wire samples were all 2-1/4 inches long. For all samples,
the current was increased in increments with a 30-second pause between
steps until the insulation ignited. Current was sustained on the wire
until the wire was burned through. Nichrome wire was substituted for
wire samples and immersed in a small cup of solder or dry lubrication
samples. The temperature of the sample was increased slowly until igni-
tion was observed. One-gram samples of dry lubrication and 1/2-cc sam-
ples of solder were used. The wire types and sizes used and their
application in the cryogenic supply system vessel are as follows:

Type Colors Size, AWG Use
Polytetrafluorcethylene- White with 20 Heater
coated nickel plated brown stripe
copper
Polytetrafluoroethylene- Yellow, black 20 Temperature probe
coated silver plated orange, green
copper
Polytetrafluoroethylene- Clear 18 Capacitance probe
coated silver plated low side

copper
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Polytetrafluorcethylene~ Clear + shield Capacitance probe
coated silver plated + red polyte- high side
copper trafluoroethyl-

ene

B.16.3 RESULTS

Between 16.4 and 19.0 amperes were required to ignite the insula-
tion on the temperature probe wires. The shielded capacitance probe
wires ignited between 27 and 34 amperes and the unshielded capacitance
probe wire between 21 and 25 smperes. The heater wire required the
maximum current for ignition, from 62 to 68 amperes. An additional
15 to 50 percent increase in éurrent was necessary to burn through the
conductor portion of the wires. The brown stripe on the heater wire
tended to ignite sooner than the white polytetrafluoroethylene and the
flame propagabted faster. The dry-lubrication samples ignited ab tem~
peratures betweén 300° and L400° P and continued to burn to completion
after interruption of heater power. The one-gram samples required from
100 to 110 seconds to complete the combustion process. Temperatures as
high as 800° F failed to ignite -the solder.
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B.17 HIGH PRESSURE IGNITION AND COMBUSTION TESTS

B.1T.1 OBJECTIVE

The objective of this test was to determine the ignition and burn-
ing characteristies of dry lubrication, polytetrafiuoroethylene-insulated
wire, and 60-40 lead~tin solder in high pressure gaseous oXygen.

B.17.2 TEST EQUIPMENT AND CONDITIONS

4 A small chamber (Parr oxygen bomb) (fig. B.1T7-1) was modified to
provide a means for supporting the non-metallic samples in contact with

& length of Nichrome heater wire heated by a controlled electrical cur-
rent. The tests were performed at pressures of 0, 500, 1000, 1500, and
2000 psi. The heater current was incressed in 0.25-ampere steps with
spproximately 15 seconds duration each step. Ignition of the samples was
detected by means of a thermocouple placed near the sample. The configu-
ration for the tests were:

&, One-half gram samples of dry lubrication in ceramic crucibles

b. Polytetrafluoroethylene insulation removed from the conductors
and threaded over the Nichrome hesgter wire

¢. Individual strands of the copper wires and nickel wires were
uged in place of the Nichrome wire

d. BSmall amounts of the solder in ceramic erucibles in contach
with the heater wire.

B.17.3 RESULTS

2. The samples of dry lubrication ignited at all pressures with
power input levels to the heater wire from 4.15 to 8.25 watts.

b. The samples of polytetrafluorcethylene insulation ignited and
burned at all test pressures with power input levels from 6.4 to 11.2
watts.

c. Six samples of copper wire (single strand, 31 gage] were tested,
however, none of these samples ignited at & current leyvel of 5 ampeyes
through the wire. (TFive amperes was the maximum current capahility of
the test fixture.) Three samples of 36-gage copper wire ignited at cure
rent levels from 2.6 amperes &t atmospheric pressure to 3.95 amperes at
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2000 psi. At atmospneric pressure Tthne Wire was approximately bU percent
consumed, and at 1000 and 2000 psi the wire was approximately 90 percent
consumed. Three samples of nickel wire ignited at L.4 to 4.8 amperes,
all at atmospheric pressure, and were approximately 50 percent to 80 per-
cent consumed. Two samples did not ignite with 5 amperes at 1000 and
2000 psi.

d. None of seven samples of solder ignited with input power levels
up to 15 watis.
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B.18 IGNITION AND COMBUSTION TESTS IN LIQUID OXYGEN

B.18.1 OBJECTIVE

The objective of this test was to investigate the ignition and com-
bustion charscteristics of materials immersed in liguid oxygen at atmos-
pheric pressure. These materials were representative of those used in
the Apollo cryogenic storage system, such as various sizes-of wire, dry’
lubrication, and 60-40 lead-tin sdlder. The results of the liquid oxygen
test were to provide a comparison with the gaseous oxveen test relative
to ignition and flame propagation characteristies.

R.18,2 TEST EQUIPMENT AND CONDITIONS

The test setup (fig. B.18-1) consisted of a small vacuum-jacketed
bottle for the ligquid oxygen, a liquid oxygen management system, elec-
trical feedthroughs for the current heaters on the liquid samples, and
a temperature thermocouple. Motion pictures were used to record the
events through the glass dewar. The current through the wire samples
(211 2-1/k inches long) was increased gradually wntil ignition occurred.
In one portion of testing, a wire sample was subjected to a sustained
.2-ampere load and then was shorted by cutting the insulation with a knife
edge and allowing a 50-awpere surge to flow through 60 percent of the
sample length. Nichrome wire was substituted for the wire samples and
immersed in the dry lubrication samples for the ignition source. The
current was increased until ignition was observed. One-gram samples of
the dry lubrication were used. The wire sizes and types tested and their
application in the cryogenic storage system vessel are shown in the table
in section B.16.2. '

B.18.3 RESULTS

whe current required.to ignite the insulation in liquid oxygen was
significantly higher than for gaseous oxygen tests, apparently due to
the high energy removal rate from the sample. The cryogenic storage sys-
tem heater wire required 106 amperes, the cryogenic storage system tem—
perature probe wire 38 to bl amperes, the capacity probe low side 57 to
59 emperes, and the capacity probe high side 46 to 50 amperes. During
the liquid oxygen tests, the insulation and the wire separated simultane-
ously, with virtually no burning of the insulation. The shorting tests
‘with the knife blade only resulted in the wire rapidly burning in two at
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the point of contact with the knife, and no burning of the insulation
was apparent. A small notch was burnt in both the stainless steel and
aluminum cutter at the point of contact. The dry lubrication samples
burned te completion upon ignition, but the duration of combustion was
only 13 to 1b seconds as compared to the 100 to 110 seconds in gaseous
oxygen. There was no recorded increase in the bulk sample temperature,
gbove liguid oxygen temperature, until ignition had occurred. The igni-
tion area was apparently only at the heater wire sample interface.
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B.19 TIOCKED ROTOR ‘TE3STS

B.19.1 . CBJECTIVE

The objective of this test was to determine the effects of a locked
rotor on an oxygen destratification fan motor while it is powered up and
submerged in liquid oxygen.

B.19.2 TEST EQUIPMENT AND CONDITIONS

The test setup and motor configuration are shown in figures B.19-1
and B.19-2. One motor was subjected to 2.3 hours and the other motor
to 1.0 hour of locked robor operation in liquid oxygen.

B.19.3 RESULTS

The currents and voltages for each motor phase remained constant
throughout the test. A comparison of pre-test and post-test phase re-
sistances indicated no effect from the locked rotor operation. Following
the test, the motor winding-to-case resistance was measured and no insu-
lation degradation was indicated. A slight temperature increase of the
motor was indicated by monitoring the phase resistance readings immedi-
ately after the motor was deenergized. A slight decrease in the phase
registance was indicated as the deenergized moltor reached thermal equi-
librium with the liguid oxygen. Rotation of the motor in air was veri-
fied following the locked rotor cperation. ’

The following is a summary of the motor data.

Motor 1 Motor 2
Phase A B C A B C

Pre-test resistance

(70° F)}, ohms 82 8L 85 83 86 a7
Pre-test resistance

(-297° F), chms 13.h 13.8 13.8 13.5 14.0 1k.2
FPhase current

(-297° F), amps 0.353 0.361 0.335 0.307 0.306 0.291
Phase neutral volt-

age, volts 121.1  121.0 121.0 121.4k  121.k  121.4
Post—test resistance
{(—297° F¥). chms 13.3 13.6 13.7 13.6 14,0 1kL.2

" Post-test resistance
(70° F¥), ohms 81 84 84 85 88 20
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B.19.Lk CONCLUSIONS

The two motors tested indicated no problems as a result of locked
rotor operaticn. No indication of high current or overheating was ex~
perienced.
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Figure B.19-2.- Destratification locked rotor investigation
(motor shown with safety wire lock).
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B.20 SPARK IGNITION TEST (COMPONENT IGNITION SOURCES)

B.20.1 OBJECTIVES

The objective of this test was to determine the spark (electric arc)
ignition characteristics of polytetrafluoroethylene and other non-metallic
materials in a liquid oxygen/gaseous oxygen environment by simulating
specific component failures which could serve as possible ignition
sources.

B.20.2 TEST EQUIPMENT AND CONDITIONS

The test fixtures and equipment used are shown in figures B.20-1
through B.20-4. Each fixture was essentially a prototype that had been
fabricated from available components with very little design analysis.
Wall effects, thermocouple placement, resistance of feed-throughs, and
other factors contributed to data distortions.

Since each test was exploratory, the sensor components and calibra-
tions were selected for very wide ranges. Additionally, no concerted
effort was made to optimize interfaces between the data acquisition sys-
tem and the test fixtures.

Values presented for electric power and time duration are reasonably
accurate (10 percent range), but flux ranges are largely unknown, partic-
ularly at the instant of wire burn-through when arcing and the associated
ionization effects would be pronounced. The contribution of wire combus-
tion towards ignition asppears low compared with ohmic heating values;
however, it should be noted that the heat-of-combustion values for the
wire used represent net rather than gross heat, which would be much higher
if high-temperature combustion had been achieved.

B.20.3 RESULTS

Open-Bath Spark Series

Thin (1/8-mil) polytetrafluorcethylene films lying on a plate elec-
trode subjected to a spark or arc from a needle electrode moved to pene-
trate the specimen while immersed in liquid oxygen at minus 297° F and
1 atmosphere. Electrical energy was supplied by circuits that duplicated
or simulated spacecraft sources for the capacitance probe, the motors, and
the heaters. The purpose of the open-bath series was to provide immediate
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information on ignition and flame behavior to guide design of experiments

for the more difficult case of subcritical compressed liquid oxygen at

minus 190° F and 900 psig. It was postulated that the higher density at
minus 297° F would compensate for latent heat effects and that the ignition
requirements would approximate the requirements at minus 190° F and 900 psig.
Initial testing quickly proved the postulated similarity was unlikely and
that the open-bath series could not fulfill their purpose. Severe spark-
ing and arcing produced no ignition. Table B.20-I contains the results

of this test.

B.20.4 CONCLUSIONS

In compressed liquid oxygen, polytetrafluoroethylene will ignite at
wire burn-through with moderate ignition energy pulses and will burn
rapidly.



TABLE B.20-I.- OPEN BATH SERIES TESTS

Test No. Energy source Results and comments
OBCP-1 Actual capacitance probe circuitry (signal conditioner) No apparent effect
OBCP-2 Actual capacitance probe circuitry (signal conditioner) No apparent effect Run without specimen in attempt
to produce visible discharge
OBM-1 Simulated motor supply (115 V ac, 400 Hz with limiting Consistent visible sparks. No ignition.
resistor for 0.75 ampere maximum)
0BM-2 Same as OBM-1 except no limiting resistor. Fused for Blown fuse. Needle welded to plate.
1 ampere. No ignition.
OBM-3 Same as OBM-2 except fused for 2 amperes. Power supply breaker tripped. Needle welded to
plate. No ignition
OBM-k Same as OBM-1 except one leg of a fan motor connected Consistent visible sparks. No ignition.
in parallel with spark electrodes.
0BM=1 S8imulated heater supply (28 V de power supply Violent sparks. Sustained power arcs prolonged for

with limiting resistor for 10 amperes maximum)

5 to 10 seconds. No ignition.

Reh g
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B.21 CLOSED CHAMBER SPARK IGNITION TEST

B.21.1 OBJECTIVES

The objecti#e of this test was to determine the threshold spark
energy for ignition of polytetrafluoroethylene.

B.21.2 TEST EQUIPMENT AND CONDITIONS

A motor lead shorting test was conducted and was intended to demon-
strate ignition with a fairly close simulation of postulated inflight
conditions. Prior circuit analysis information indicated that the most
likely concentrated energy release and highest probability for a fire
would be associated with a short of one motor lead to ground such as
might occur if the lead insulation was penetrated by a grounded sharp
edge or point.

The test setup is shown in figure B.21-1. The flat electrode was
used to support a short section of wire and also acted as an anvil. Elec-
trical feed-throughs were brought in on each side of the anvil support
post. The actuator was made from a pneumatically operated valve by re-
moving the seat assembly, tapping the ram to accept chisel or knife edge
rods, and machining & special fitting to mate with the chamber body. The
electrical schematic is shown in figure B,21-2. The chamber body (and
thus the chisel) was connected to both earth ground and inverter neutral.
The fixture was equilibrated with minus 190 F, 600 psig liquid oxygen.

The actuator was then pressurized with helium to actuate the chisel.

B.21.3 RESULTS

Two tests were gborted because of problems in achieving electrical
continuity and proper stroke length. In the third test the apparatus
functioned properly, but no ignition occurred. The wire and sleeving
were severed completely and cleanly with no evidence of fused metal. The
fuse for the affected leg of the motor circuit was blown.
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B.22 HOT WIRE IGNITION TESTS

B.22.1 OBJECTIVE

The objectives of this test series were to demonstrate that ignition
of polytetrafluorocethylene could be achieved at ignition energy levels
within the range of tank electrical circuitry and to observe the physical
effegts of the fire in a closed chamber environment (minus 190° F, 900
psig).

B.22.2 TEST EQUIPMENT AND CONDITIONS

The test apparatus consisted of a pressure vessel fabricated from
l-inch corrosion resistant steel tubing with both welded joints and
modified fittings to incorporate electrical feed-throughs, thermocouple
probes, and a standpipe for oxygen fill, vent, and pressure sensing.

The plumbing schematic is shown in figure B.22-1. For the test, a con-
venient length of fuse wire was used to bridge between the internal elec-
trodes and to support the test specimen (polytetrafluoroethylene sleeve).
A typical arrangement is shown in figure B.22-2. The vessel was then
closed, mounted in the minus 190° F chamber, flushed with oxygen, filled
with oxygen, and equilibrated at 900 psig. The power supply was then
energized until burn-through and ignition occurred.

The experiments were essentially non-simulative in that the wire
used for a fuse was a nickel-chromium alloy that probably has a different
melting point, heat-dissipation capability, and combustion temperature
than the exposed current carriers in the oxygen tank. The specific fuse
wire had been previously used for reliable ignition of polytetrafluoro-
ethylene at room temperature and 700 psi (to study combustion products)
and seemed well suited for the present purpose. Cursory circuit analysis
did indicate that electrical energy inputs were not drastically different
from those postulated for the Apollo tank.

Since each test was exploratory, the sensor components and calibra-
tions were selected for very wide ranges. Additionally, no concerted
effort was made to optimize the interfaces between the data acquisition
system and the test fixtures.

Values presented for electric power and time duration are reasonably
accurate (l0-percent range), but flux ranges are largely unknown, particu-
larly at the instant of wire burn-through when arcing and the associated
ionization effects would be pronounced. The contribution of wire com-
bustion towards ignition appears low compared with ohmic heating values;
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however, it should be noted that heat of combustion values for the wire
used represent the net rather than the gross heat values, which would be
much higher if high temperature combustion was achieved.

B.22.3 RESULTS

Ignition of polytetrafluoroethylene sleeving specimens was reliably
achieved and combustion was essentially complete. Burn time and pressure -
excursions were affected by direction of propagation. High local tem-
peratures were observed, but excursions of bulk temperature appeared to
be moderately low. The results are summarized in figures B.22-3 through
B.22-6.

Ceroc T hot-wire ignition tests.- Two hot-wire tests in minus 190° F.
900 psig liquid oxygen were made with a section of Ceroc T polytetrafluor-
oethylene/ceramic-insulated magnet wire removed from a fan motor. For
the first test a single 3-inch length of Ceroec T wire was wrapped for a
portion of its length around a fuse wire loop in the chamber as shown in
figure B.22-2. The free end of the sample wire was allowed to stand up-
ward from the ignition wire. The electrical power supplied was 12 V de,
6.3 amperes, 0.11 second to burn-out. No ignition occurred. Post-test
examination of the specimen indicated that the only effect was a darken-
ing of the insulation surface and formation of a molten metal ball at
the point where heating was highest.

For the second test, 10 strands, 3.2 inches long, of magnet wire
were bundled together. Fuse wire was wrapped around the bottom 1/4-inch
of the bundle. Electrical power supplied was 18 V de, 4.2 amperes for
1.05 seconds. No ignition occurred. Post-test examination again showed
darkening of insulation and formation of a fused metal ball.

A supplementary study indicated that the magnet wire is a single-
strand copper wire with an extruded, filled polytetrafluoroethylene in-
sulation. The filler is principally zinc oxide. The total insulation
weight if 117 microgram per centimeter with 65.4 percent being polytetra-
fluorocethylene and the remainder a filler composed of a mixture of zinc
oxide and silica.

Glass-filled polytetrafluorcethylene grommet hot-wire ignition test.-
A single glass-filled polytetrafluorcethylene grommet was burned in a
hot-wire ignition test in minus 190° F, 900 psig liquid oxygen. The
specimen, weighing U483 milligrams, was held by two turns of fuse wire
between the terminals of the hot-wire test chambers shown in figure B.22-2.
Electrical power was 19 V dc, 3.8 amperes for 0.27 second. Ignition and
nearly complete burning resulted. Chamber pressure peaked at 1518 psi
in 9 seconds. The chamber temperature, as measured approximately 1 inch
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from specimen, peaked at minus 145° F in 9 seconds. A post-test examina-
tion of the thermocouple yielded approximately 35 milligrams of white
powdery residue. Spectrographic analysis of the residue revealed heavy
major calcium,; major iron, chromium, and aluminum; and light major sili-
con, magnesium, and titanium. X-ray diffraction analysis revealed sub-
stantial amounts of calcium and aluminum fluorides.

Analysis of glass-filled polytetrafluorcethylene.- A rod sample of
glass-filled polytetrafluorocethylene was analyzed to verify nominal com-
position and to provide base data for interpretation of combustion resi-
due. Determination of polytetrafluoroethylene content yielded an average
percent by weight value of 75.k percent. Density measurement results
were 2.253 gm/cm3 (0.0814 1b/in3).

B.22.4 CONCLUSION

Polytetrafluoroethylene in compressed liquid oxygen will ignite at
wire burn-through with moderate ignition energy pulses and will burn
rapidly.
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Figure B.22-2.- Hot-wire ignition test fixture for minus 190° F, 600 psig liquid oxygen.

66T




300

200

100

Temperature, °F

-100

1400

1300

—
N
o
o

Pressure, psig

11100

1000

200

1

T

Temperature
1 ' |

Pressure

Current duration 0.51 seconds
12.5volts and 2.67 amps

3 4 >
Time, seconds

Figure B.22-3,- Hot wire ignition test.

00c




1400 — +300

Pressure

1300 +200 |-

9

w
©1200 |- °_ +100 (-
. &
L g
2 g
& 5
1100 |-+~ 0t

Current duration 62.1 seconds
12.5 volts and 2.67 amps

1000 - -100 |-

Temperature
L — ——-\ =
900l  -200 | | ] 1 1 | I | 1 ]
0 10 20 30 40 50 60 70 80 90 100

Time, seconds:

Figure B.22-4.- Hot wire ignition test.

TOZ




202

2100

2000

1900

1800

1700

1600

Pressure, psig

1500

1400

1300

1200

1100

1000

Temperature, °F

+1000

+900

+800

+700

+600

+500

+400

+300

+200

+100

-100

Pressure peak 2019 Thermocouple
psig at 1.5 sec

LTemperé\wre peak

Polytetraf luoroethylene

Nichrome wire
Down

Electrode

662 °F at 1.05 sec

Current duration, 0.15 sec 14 volts dc, 5 amps

| | | L 1 |

2 3 4 5 6 7

Time, seconds

Figure B.22-5.- Hot wire ignition test.



1700

1600

1500

1400

(1300

Pressure, psig

1200

1100

1000

900

Temperature, °F

600

500

400

3200

200

100

100

200

U-— Thermocouple

Polytetraf luoroethylene Pressure peak

1652 psig at 8 seconds

Nichrome fuse wire

E lectrodes

Pressure

Current duration of 0.11 seconds
at 13.3 volts and 5.3 amps

Temperature peak

-146°F at 8 secundsz
Temperature

1 2 s 4 5 6 i/ 8 9 10
Time, seconds

Figure B.22-6.- Hot wire ignition test.

N
O
N




204

B.23 IGNITION OF DAMAGED WIRE BY ELECTRICAL OVERLOAD TEST

B.23.1 OBJECTIVE

The objectives of this test were to determine if a damaged wire, both
insulation and conductor, could have been electrically overloaded by the
spacecraft electrical system at the time of the Apollo 13 anomaly and to
determine if such an overloaded condition would ignite polytetrafluoroet-
hylene wire insulation.

B.23.2 TEST CONDITIONS

Since the first consideration was to determine under what conditions
damaged wires could be overloaded, a series of tests were conducted at
ambient conditions. During these tests, a LOO-hertz generator was used to
electrically load single strands of nickel motor lead wire. The motor
lead wire was chosen because it has the smallest single strand diameter
and is used in the electrical system which can provide the most energy.
The effects were determined for various conditions of current and fuse
time on the single strands of wire and damaged single strands.

B.23.3 RESULTS

The test results are presented in table B.23-I. It is significant
that at currents up to 5 amperes, failure (fusion) only occurred when slow
blow fuses were used. Indication of overheating of the wire occurred on
only one test.

B.23.4 CONCLUSIONS

The test results indicate that it is not possible to fuse single
strands of the fan motor wire of reduced diameter with the Apollo 13 space-
craft electrical system. Although overheating was indicated in one test,
it was not sufficient to cause damage to the insulation. This overheating,
as well as fusion, should be less likely to occur at low temperatures.



TABLE B.23-I.- WIRE OVERLOAD TEST AT AMBIENT CONDITIONS

Test Conditions

Test Sample urrent (ampsy/ Test Results
No. Material Ig-:use (amp) P
1 0.004 nickel motor | amp Held specimen at | amp for | minute. No
wire fusion. Single strand.
2 .004 nickel motor
wire | amp Cut through one-half diameter of wire,
specimen will now be .002" diameter.
Held at | amp for | minute. Mo fusion.
3 .004 nickel motor wirg | amp Cut and reduce .004 diameter motor wire
to .00! diameter. Held for | minute at
l amp. No fusion.
4 .004 nickel motor 3 amps/ Single strand of wire held for | minute at
wire 3amp 3 amps. No fusion.
5 .004 nickel motor 3 amps/ Cut through one-half diameter of wire to
wire 3 amp .002" diameter. Held for | minute at
3 amps. No fusion.
6 .004 nickel motor 3 amps/ Cut through three=-fourths diameter of wire
wire 3 amp to .001" diameter. Held for | minute at
3amps. No fusion. Specimen broke during
removal from setup.
7 .004 nickel motor 3 amps/ Single strand of wire held for approximately .2
wire | amp before fuse blew. This test was done three

times. Specimen broke while being moved.

soze




TABLE B.23-I.- WIRE OVERLOAD TEST AT AMBIENT CONDITIONS - Continued

Test Conditions

Tait Eamole s Test Results
No. Mqr:triu | 3 i &réeat"gﬁmps)/
8 .004 nickel motor 3 amps/ Rerun of Test No. 7.
wire | amp
9 .004 nickei motor 3 amps/ Rerun of Test No. 8.
wire Y | amp
10 .004 nickel motor 3 amps/ Single strand of wire held for approximately
wire (black) I amp 0.35 seconds before fusion took place.
slo blo
I .004 nickel motor 3 amps/ Rerun of Test No. 10.
wire (black) | amp
slo blo
12 .004 nickel motor 3 amps/ Single strand of wire held for approximately
wire (red) | amp 0.36 seconds before fusion took place.
slo blo
13 .004 nickel motor 3 amps/ Rerun of Test No. 12,
wire (red) | amp
slo blo
14 .004 nickel motor 3 amps/ Single strand of wire. No fusion with regular

wire (blue)

| amp

fuse, 2 runs.

90¢




TABLE B.23-I.- WIRE OVERLOAD TEST AT AMBIENT CONDITIONS = Continued

Test Sample Test Conditions Test Results
No. Material Current (amps)/
Fuse (amp)
15 .004 nickel motor 3 amps/ Rerun of Test No. 14,
wire (blue) | amp
i6 .004 nickel motor 3 amps/ Rerun of Test No. 14.
wire (blue) | amp
slo blo
17 .004 nickel motor 3 amps/ Single strand wire .004" diameter.
wire (white) | amp No fusion.
18 .004 nickel motor 3 amps/ Single strand wire .004" diameter.
wire (red) | amp No fusion.
19 .004 nickel motor 3 amps/ Wire diameter reduced to .002" diameter.
wire (black) | amp No fusion.
20 .004 nickel motor 3 amps/ Wire diameter reduced to .001" diameter.
wire (black) | amp No fusion.
2| .004 nickel motor 4 amps/ Single strand wire, | amp regular fuse.
wire (blue) | amp No fusion.
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TABLE B.23-I.~ WIRE OVERLOAD TEST AT AMBIENT CONDITIONS - Concluded

wire (red)

| amp

Test Sample Test Conditions Test Results
No. Material Current (amps)/
Fuse (amp)
22 .004 nickel motor 4 amps/ Single strand wire, | amp regular fuse.
wire (blue) | amp No fusion.
23 .004 nickel motor 4 amps/ Wire strand diameter reduced to .002", | amp
: wire (blue) | amp regular fuse. No fusion.
24 .004 nickel motor 4 amps/ Wire strand diameter reduced to .001", | amp
wire (blue) | amp regular fuse. No fusion.
25 .004 nickel motor 5 amps/ Single strand wire. No fusion
wire (red) | amp
25 .004 nickel motor 5 amps/ Single strand wire. No fusion
wire (red) | amp
27 .004 nickel motor 5 amps/ Wire strand diameter reduced to .002",
wire (red) | amp No fusion.
28 .004 nickel motor 5 amps/ Wire strand diameter reduced to .00I".

No fusion.

goe
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B.24 CONDUIT WIRE BUNDLE IGNITION TEST

B.24.1 OBJECTIVE

The objective of this test was to determine the ignition, combustion,
and combustion propagation characteristics of the insulated electrical
wiring in a simulated Apollo oxygen tank electrical feedthrough conduit.
The conduit carries all the electrical wiring that serwves the internal
components of the oxygen tank, including the temperature probe, quantity
gaging system, fan motors, and heaters.

B.24.2 TEST EQUIPMENT AND PROCEDURE

The test setup is shown in figure B.2k-1. A pressure vessel and a
flight-type conduit containing the normal wiring assembly was installed
in a vacuum chamber. Figures B.24-2 and B.24-3 show the thermocouple
locations on the conduit. Electrical loads simulating the oxygen tank
internal components were connected to the conduit wires. A relief valve,
(1050 psig) was attached to the pressure vessel. The chamber was then
evacuated. Gaseous oxygen was fed to the pressure vessel while liquid
nitrogen was flowed through copper coils wrapped compactly around the
vessel. When the desired conditions of supercritical oxygen, 910 psig
and minus 190° F, were reached, 20 volts (20 amperes) were applied to
the Nichrome igniter wire in the electrical connector portion of conduit.

B.24k.3 RESULTS

At 4.2 seconds after igniter voltage was applied, the thermocouples
attached to the outside of the conduit indicated a temperature decrease.
At 6.0 seconds, the conduit burst at the first bend after the conical
section of the electrical connector portion of the conduit (fig. B.2k-L).
A brief spurt of flame followed by a rapid discharge of oxygen was observed
from the ruptured conduit. The pressure vessel experienced negligible
pressure (9 psi) and temperature rise during the combustion phase,
figure B.24-5. Conduit temperatures near the rupture area were 1193° to
1507° F at the time of rupture. All three phases of both fan motors elec-
trical power shorted, and the six fuses in the fan circuits blew at approx-
imately 5.2 seconds.

Some of the polytetrafluoroethylene insulation remained within the
connector area (fig. B.24-6). Insulation in the ruptured area was nearly
all consumed, but the insulation that was more than sbout U4 inches down-
stream of the rupture was only slightly damaged (fig. B.2L-T).
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Note: Place three chromel alumel thermocouples
120° apart midway on the length of the
connector assembly sleeve section

Figure B.24-2.- Conduit thermocouple set-up.
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¢Te

Figure B.24-4.- Wiring conduit after test.
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Figure B.24-6.- Disassembled connector after test.
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Figure B.24-7.- Wiring of sectioned conduit after test.
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B.25 IGNITION TEST OF POLYTETRAFLUOROETHYLENE

SUBMERGED IN LIQUID QXYGEN

B.25.1 OBJECTIVE

The objective of this test was to determine the possibility of ig-
niting of polytetrafluoroethylene by an electrical short while submerged
in liquid oxygen.

B.25.2 TEST CONDITIONS

A section of 28-gage polytetrafluoroethylene-insulated copper wire
was wrapped on a carbon steel spool about 0.3-cm by 1l.5-cm, and a fabri-
cated sparking device was provided. A thermocouple was imbedded in the
spool, and a polytetrafluoroethylene collar was placed over the assembly.
This assembly was put into a pressure vessel and filled with oxygen at
930 psia at 150° K. Several tests were run, and in some cases, the
assembly was covered by an aluminum sleeve over the polytetrafluoroeth-
¥Ylene collar.

B.25.3 RESULTS

A spark of 5 (+#3) joules from a 115 V 60 hertz power supply caused
the pressure to rise to 1100 psia within 9.5 seconds and the temperature
rose to 4OO°F (off scale) in less than 1 second. Upon opening the chamber
it was noted that all of the polytetrafluoroethylene was consumed, and
when aluminum was included, it too was burned. In one case, combustion
proceeded to include the pressure vessel which failed and vented to atmos-
phere.



B.26 ARC TEST OF TANK MATERIALS SUBMERGED IN

LIQUID OXYGEN AT ONE ATMOSPHERE

B.26.1 OBJECTIVE

The objective of this test was to determine the ignition energy
required from an electrical short and polytetrafluoroethylene burning
to cause ignition of tank materials in atmospheric liquid oxygen.

| B.26.2 TEST PROCEDURES

This test was performed in conjunction with those discussed in sec-
tion B.25.

B.26.3 RESULTS

Al]l materials could be ignited, but burning was very marginal. Ig=-
nition energy under these conditions was not determined.
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B.27 IGNITION TEST OF TANK MATERTALS IN HIGH PRESSURE LIQUID OXYGEN

B.27.1 OBJECTIVE

The objective of this test was to determine the ignition energy
required from an electrical short and polytetrafluoroethylene burning to
cause ignition of tank material in high pressure liquid oxygen.

B.27.2 TEST PROCEDURES

This test was performed in conjunction with those discussed in sec-
tion B.25.

B.2T7.3 RESULTS

Spark energies of 2.5 joules would ignite polytetrafluoroethylene
and initiate a metal-polytetrafluorocethylene reaction.



B.28 FAN MOTOR OPEN CIRCUIT TRANSIENT TEST

B.28.1 OBJECTIVE

The obJjective of this test was to investigate the potential ignition
energies present if a power wire to either tank fan motor should break.
This was accomplished by measuring the induced voltages and current tran-
sients that resulted from interrupting one phase of power to a tank fan
motor.

B.28.2 TEST EQUIPMENT AND CONDITIONS

An electrical schematic of the test fixture is shown in figure B.28-1.
Two tank fan motors were powered in parallel from a 400-hertz, 3-phase
power supply. The rotor was removed from each motor shaft so that the
motors could achieve the maximum revolutions. The fans were immersed in
liquid nitrogen. One phase of power to each motor was interrupted and
the potential ignition source energy was measured. The energy levels
were recorded for each phase.

B.28.3 RESULTS

The power interruptions resulted in voltage spikes as high as
1800 volts with a duration of about 0.05 millisecond. However, the phase
current transients were extremely small, indicating that very little
energy was available.
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B.29 SPARK IGNITION TEST OF POLYTETRAFLUOROETHYLENE IN LIQUID OXYGEN

AT SUPERCRITICAL TEMPERATURES

B.29.1 OBJECTIVES

The primary objectives of this test series were to determine the
minimum electrical spark required to ignite polytetrafluorcethylene wire
insulation in high pressure gaseous and supercritical oxygen environment
and determine the burning characteristics of the insulation in these
environments. A secondary objective was to determine if the combustion
would propagate through a length of stainless steel tubing and wire
clamps used in the spacecraft oxygen tank.

B.29.2 TEST EQUIFMENT AND CONDITIONS

A test fixture with a 0.18 cubic foot tank was installed in a 6-
foot vacuum chamber (fig. B.29-1). This fixture (fig. B.29-2) had two
view ports which allowed photographic coverage of the test specimens in
either gaseous or liguid oxygen at pressures up to 1200 psig. An igni-
tion system provided varieble capacitance, in steps, from 8000 micro-
farads maximum to 25 microfarads minimum at a potential of 50 volts.

The energy used to generate the spark was determined by recording the
voltage across the capacitance during discharge. Photographic coverage
was provided by a motion picture camera running at 6L frames per second.

A total of L4 test runs were made using various samples of wire,
including that used in the spacecraft cryogenic oxygen tank, and with
various capacitances for the initial charge. Sixteen runs were made in
gaseous oxygen with the remaining 28 runs in liquid oxygen. The test
conditions were 900 to 950 psig and minus 180° to minus 200° F for the
liquid oxygen testing. All gaseous oxygen tests were performed at the
same pressure but at ambient temperature.

B.29.3 RESULTS

Combustion was initiated in both gaseous and liquid oxygen with less
than 0.45 joule of energy in the electrical arc.




Typical propagation rates in liquid oxygen were 3 in/sec vertical
up, 1/4 in/sec vertical down, and 0.4 in/sec horizontal. Propagation
rates were higher in gaseous oxygen, particularly in the vertical up
direction.

The burning of polytetrafluorocethylene insulation down a 0.155-inch
inside diameter stainless steel tube and propagation under a copper clamp
holding the electrical wire to a steel tube was also demonstrated.

B.29.4 CONCLUSION

Polytetrafluorocethylene wire insulation is easily ignited in gaseous
or liquid oxygen and in most cases combustion is maintained until all the
polytetrafluoroethylene is consumed.
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Figure B.29-2.-
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Test fixture for spark ignition of polytetrafluorethylene in liquid oxygen.



B.30 FAN MOTOR IGNITION TESTS

B.30.1 OBJECTIVE

The objective of these tests was to examine the ignition and com-
bustion characteristics of the cryogenic oxygen tank fan motors under
realistic operating conditions.

B.30.2 TEST EQUIFPMENT AND CONDITIONS

Two fan motors were installed correctly within the heater probe
assembly mounted in a test fixture in liquid oxygen at 900 psia and minus
190° F. Ignition was accomplished by the vigorous heating of a Nichrome
wire wrapped around the fan motor wire insulation. The tests were classi-
fied as downward or upward burning ignition and, in some cases, included
the observance of fire propagation through the 3/16-inch motor wire con-
duit which passes through the heater assembly. Strategically located
temperature instrumentation (fig. B.30-1) allowed tracking of the com-
bustion flame front.

B.30.3 RESULTS

The results of these tests were as follows:

a. Downward propagation of the flame on the wire insulation in the
3/16-inch conduit self-quenched approximately 1/4 inch from the bottom
conduit exit grommet.

b. Downward propagation rate through the conduit averaged 0.25 in./sec

¢c. The downward burning motor ignition had the following combustion
results (fig. B.30-2):

1. 90 percent of lead wire

2. 100 percent of polytetrafluorcethylene grommet
3. T5 percent of strain relief

4. No other motor parts burned

d. Upward propagation rate through the motor wire conduit was sev-
eral in./sec and had no tendency to self quench.

e. The upward burning motor ignition was more vigorous and had the
following results (figs. B.30-1 and B.30-3):
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100 percent of lead wire

100 percent of polytetrafluoroethylene grommet

100 percent of strain relief

100 percent of terminal polytetrafluorcethylene shrink tubing
90 percent of stator insulator strips

Less than 5 percent of stator wire insulation

No other parts burned
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(a) Stator

Figure B.30-3.- Effects of upward combustion during fan motor ignition tests.
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(b) Wire exit area

Figure B.30=3.=- (Continued)




{c) End view of fan motor case

Figure B.30-3.- (Continued)
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(d) External view of fan motor case

Figure B.30=3.- (Concluded).
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B.31 IGNITION TEST AND CHEMICAL ANALYSIS OF
BAKED POLYTETRAFLUOROETHYLENE INSULATION

B.31.1 OBJECTIVE

One objective of this test was to determine if the polytetrafluoro-
ethylene insulation on fan motor wires which had been "baked" at approx-
imately T750° F in a gaseous nitrogen atmosphere would ignite and burn in
the same manner as normal insulation. Also, another wire sample was to be
baked in a T50° F oxygen environment (15 to 20 psia), and determination
made as to whether this condition had an effect on the polytetrafluoro-
ethylene insulation.

B.31.2 TEST EQUIPMENT AND CONDITIONS

Two ignition tests were performed on the insulation which had baked
in the nitrogen environment. These ignition tests were performed in liquid
oxygen at 900 to 950 psig and minus 180° to minus 200° F. Then a 6-inch
length of four-conductor fan motor wire (fig. B.31-1) was placed in a
closed vessel with gaseous oxygen at 15 psia and heated to 750° (%10°) F
for 5 hours. Gaseous pressure was then increased to 20 psia and maintained
at that pressure. A sample of the gaseous oxygen, taken at completion of
the 5-hour heat soak was analyzed for carbon dioxide, carbon tetrafluoride,
and carbonyl fluoride content and was also tested for ignition and burning
characteristics in liquid oxygen.

B.31.3 RESULTS

3 The baked insulation ignited and burned with the same characteristics

of new insulation. Neither the nitrogen nor oxygen baking had any apparent
effect on the burning characteristics in liquid oxygen. The insulation did
not become brittle or crack in the 750° F oxygen soak, indicating that the
temperature during the nitrogen soak was probably above 750° F. During the
soak a red wire was bleached to virtually a white color. The insulation

also pulled back (shrank) from each end of the wire by 3/8 inch (fig. B.31-1).

An analysis of the gases from the high temperature oxygen soak showed
1.3 percent carbon dioxide with no indication of other constituents, indi-
cating little or no oxidation of the polytetrafluoroethylene at this tem-
perature.
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Figure B.31-1.- Fan motor wire before and after oxygen baking -
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B.32 CRYOGENIC OXYGEN TANK WIRE SELF-HEAT TEST

B.32.1 OBJECTIVE

The objective of this test was to determine if the detanking pro-
cedure used at the Kennedy Space Center during the countdown demonsiration
test could cause damage to the wire bundle in the oxygen tank entry conduit.

B.32.2 TEST EQUIPMENT AWD CONDITIONS

The test setup is shown in figure B.32-1. An oxygen tank wire bundle
with flight-type conduit and electrical interface connector was inter-
Taced to a thermal vacuum chamber with the connector located outside the
chamber. The other end of the conduit was interfaced to a pressure vessel
located in the thermgl vacuum chamber. In this confipuration, the con-
nector environmental pressure was ambient, the conduit enviromment was
2 x 10-5 torr at TO° to 80° F, and the wire bundle and conduit internal
pressure were set at the same elevated pressure as the pressure vessel.
Some of the wires protruding from the conduit were interfaced to electri-
cal feedthroughs mounted on the pressure vessel end plate and connected
to simulated oxygen tank heaters, fan motors immersed in liquid nitrogen,
and a quantity gage sensor. The oxygen tank infternal temperature sensor
wires were interfaced to a simulated sensor inside the pressure vessel.
The flight-type connector was interfaced to facility heater power supplies,
a facility 400-Hz power supply, and & signal conditioning unit. The pres-
sure vessel was pressurized with gaseous oxygen and vented in accordance
with the schedule recorded for the detank operations during the comntdown
demonstration test; the heaters and fan motors were also operated in ac-
cordance with the countdown demonstration test schedule. Temperatures
along the conduit outer wall and on the connector recorded. Post-test
inspection was accomplished by sectioning the condult at the maximum
temperature point.

B.32.3 RESULTS

The maximum conduit temperature recorded was 327° F at a point
14,5 inches from the pressure vessel end of the conduil (fig. B.32-2).
The condult temperature achieved equilibrium approximately 5 hours after
start of the test. A visual inspection at the location of the highest
indicated temperature showed no insulation degradation. The wire bundle
continuity and insulation resistance tests indicated no anomalies. Pres-
surizing and venting the pressure vessel with gaseous oxygen in accord-
ance with the countdown demonstration test schedule had little effect on
the conduit temperature.
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B.33 CAPACITANCE PROBE SIGNAL CONDITIONER ENERGY TEST

B.33.1 OBJECTIVE

The objective of this test was to determine if the capacitance probe
signal conditioner could provide sufficient energy in the cryogenic oxygen
tenk to cause ignition of any of the tank materials.

B.33.2 TEST EQUIPMENT AND CONDITIONS

Two different methods of conducting this test were completed. 1In
addition, & mathematical analysis was made to determine the maximum spark
energy available.

In the first method, the signal conditioner was placed in a vacuum
environment and the lead wires that normally are connected to the capaci-
tance probe were shorted for 9 hours with the signal conditioner energized.
The open-circuit voltages and short-circuit currents were measured at the
signel conditioner sensing leads prior to, during, and after the G-hour
shorting period.

In the second method, the signal conditioner was placed in a dark
room, the unit energized, and the output leads were intermittently shord
circuited in an attempt to visually observe a spark.

B.33.3 RESULTS

The maximum open-circuit volitage measured from the signal conditioner
sensing leads was a 400-cycle sguare wave at a potential of 160 vac peak-
to-peak. In addition, there was no observable change in the signal con-
ditioner after 9 hours of shorted signal lead operation.

During intermittent short-eircuit operations in the dark room, no
sparking was visible from the sensing leads. The approximate threshold
of spark visibility is 0.03 millijoules.

The maximum calculated spark energy available at the sensing leads
is 0.0875 millijoules.
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B.33.4 CONCLUSIONS

Polytetrafluorcethylene insulation requires greater than 0.1 joule
of energy for ignition. The meximum calculated energy available is in
millijoules and no sparking was observed.
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B.3% QUANTITY PROBE AND CONDUIT ASSEMBLY
FLAMMABILITY FROPAGATION TEST

B.34.1 OBJECTIVES

The objectives of this test were:

a., Determine if burning wire insulation would propagate through the
upper quantity probe insulator wire bundle penetrations

b. Determine the failure mode of the conduit resulting from propa-
gation of the burning polytetrafluorcethylene insulabion from the region
of the quantity probe into the lower conduit.

B.3%4.2 TEST EQUIPMENT AND CONDITIONS

The chember used for this test consisted of a schedule 80 weld-neck
tee equipped with three flanges to provide a viewport, electrical and hard
line feedthroughs and conduit to the gquantity probe interface. The chamber
(fig. 34-1), had a volume of spproximately one-third cubic foot. A pres-
sure relief valve was provided to maintain chamber pressure at 1050 psia
during the test; and, in addition, the chamber contained a rupture disk to
prevent chamber failure. ¥Five thermocouple penetrations were provided
through the chamber wall. Color motion pictures were taken through the
chamber viewport at a speed of 24 frames a second. An additional camera
provided external color motion pictures of the conduit-chamber interface.

The test item consisted of an upper peortion of the guantity probe in-
terfaced with a conduit assembly (fig. 34-2). The quantity probe used was
Bloeck I hardware modified to the Block II configuration and the wire was
routed through it and the conduii assembly %o represent the Apcllo 13 con-
figuration. Insulated wiring extended heyond the polytetrafluorcethylene
insulator approximately 4 inches, This wiring was also routed through the
conduit and connected to the feedthrough pins through which 400-hertz
115-volt power was supplied to both fan motor bundles. One of the fan
motor bundles had a Nichrome ignitor installed on it.

Thermocouples were located as shown in figure 3h-1.
After Tilling the chamber to 925 psia with gaseous oxygen, the chamber

was cooled to minus 138° F. Power was applied to the ignitor until fusion
oceurred.



2h3
B.34.3 RESULTS

A pressure history of the chember is shown in figure 3L-3. The first
relief valve opening occurred at approximately 28 seconds. It subsequently
reopened 15 times before failure occurred,

Temperature histories of both the internal and external portions of
the test apparastus are shown in figures 3h4-L and 3k-5.

The propagation obgerved in the motion picture coverage proceeded
from the ignition site vertically downward. Burning progressed down the
fan motor wire bundle, then began burning other wire bundles progressing
to the polytetrafluoroethylene insulator. The fire became more subdued
after the fire progressed deep into the upper probe region,

Figure 346 shows the conduit and chamber interface burnthrough scenes
taken from the external movie phobographic coverage. The small amount of
external burning observed resulted from ignition of the Mylar film used to
insulate the test chamber.

Visual observation of the failure of the conduit through a test cell
window revesled that a flame front resulted as far away as three or four
feet from the chamber.

After the test, the section of conduit wes found approximately eight
feet from the cheamber. Several pieces of the polytetraflucroethylene in-
sulator, two pieces of the condult swedgelock nut, and one piece of con-
duit tubing were gathered from a 20-foot radius around the test area.

The only item remaining in the test chamber was a poriion of the Inconel
section of the capacitance probe (fig. 3L4-T). The stainless steel portion
was completely gone and a portion of the Inconel was burned. No remains
of the gluminum portion of the probe could be found. The conduit-chamber
interface was torched out to a maximum diameter of 1-T/8 inches.

B.34.h  CONCLUSIONS

The results of this test show that the insulation burning on the elec-
trical conduciors did propagate through the probe insulator even in down-
ward burning and did proceed into the conduit. It is difficult to deter-
wmine 1f the insulator was ignited and what time was required for the burn-
ing had proceeded to the insulator-wire bundle interface. After the
initial failure of the conduit, the contents of the tank (1/3 cubic foot)
were vented in approximately 0.5 second with a major portion of the burn-
ing of metal occurring in 0.25 second. Venting of larger amounts of
oxygen would not necessarily teke longer since continued oxygen flow should
produce congiderably larger "torched out" sections. TIn order to produce
the heat necessary for the effects observed here, metal burning must have
oceurred.



2l

A ——Movie camera

P XL T

B Drassure
telief valve

| +28 Vdc

- Oxygen fill

- () xygen vent

\\:Nlchraﬁe ignitor
Motor power cable

Probe assembly

A A Vo
f ‘.
1
|
Thermocouple 3—f ~==--=---= 3
i
Thermocouple 4 —4---1 : ,
I i
Thermocouple 5—--1 | ! o
1! ! /
I { o
| ; ! 5’!}
1
L 1. %
Thermocoupie 6—---}! ! "
™ t |
Ly
T
‘lg--- +
j ]
Thermocouple 11 -
Thermocouple 13 . -—\
[N 3] A
Thermocouple 14 e/

]

Note: Not to scale

Figure B.34-1.- Quantity probe and conduit assembly apparatus.



|~ Probe assembly

o +002 . ,
- .000
— «—17.00%.010
oF-0L
-.00 ¥
" A &
3 .40
,_ b N P 1375

Chamber flange

2 inch pipe plug

[ ~~— Conduit assembly

Figure B.34-2 .- Upper quantity probe - conduit interface.

Sz



246

Temperature, psia

Temperature, °F

1200
1000

800
600
400
200

3000

2500

2000

1500

1000

500

-500

R e Y e

]
0 10

g Jf

24 26 28 30 32
Time, sec

Figure B.34-3 .- Quantity probe and conduit assembly test pressure history.

‘/— Thermocouple & (chamber walu

° T | _O:J-—Thermocoupie 3

I—-Thermc:ccm ple 5
Thermocouple 4

O Thermocouple 3
{copper constanstan)

A\ Thermocouple 4
7 7 {chrome! alumel}

L L ) Thermocouple 5
(chromel-alumel)

@ Thermocouple 6
{copper constanstan)

e e e NE—

1 I i I ! l

0 10 12 22 24 26 28 30 32

Time, sec

Figure B.34-4 .~ Temperature history of quantity probe and chamber wall.



Temperature, °F

Thermocouple 14 —

Thermocouple 13 —,

Thermocouple 11 ~—/ 4

2500

2000

1500

1000

500

i 4 O Thermocouple 11 (chromel alumel)
A Thermocouple 13 (chromel alumel)

O Thermocouple 14 (chromel alumel)

Time,sec

Figure B.34-5.- Temperature history of conduit.

Lie




248

bl
L

(e p———
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Figure B.34-7.- Portion of probe which remained in the test chamber.




B.35 WIRE INSULATION PROPAGATION-RATE TEST

B.35.1 OBJECTIVE

The objective of this test series was to determine the downward and
upward limits of propagation rates for the various wire configurations
used in cryogenic oxygen tank 2 operating conditions.

B.35.2 TEST EQUIPMENT AND CONDITIONS

Both downward and upward propagation rates were measured for each
of the individual wires used in cryogenic oxygen tank 2. In addition,
separate tests were conducted on specific wire bundles and on the poly-
tetrafluoroethylene used as an insulator in the probe assembly.

The ignitions were conducted in a reactive vessel (1.75-inch inside
diameter by 6-inch long) equipped with a burst disk (3500-psig burst
pressure); oxygen purge, fill, and vent lines; thermocouple and igniter
power feedthroughs; and a pressure transducer (fig. B.35-1). Tests were
conducted under ambient conditions and also at minus 170° (#10°) F and
9Lko (+20) psig.

The configurations for determining the upward and downward burning
rate are shown in figure B.35-2. The wires used to hold the sample in
contact with the thermocouples were placed in such a manner as not to
interfere with the propagation. The propagation rate was determined
from the time required for the flame to propagate the distance between
thermocouples. Two propagation rate measurements were obtained during
each test.

B.35.3 RESULTS

Propagation rate results for each of the wires and insulations used
in cryogenic oxygen tank 2 are shown in table B.35-I. Photographs of

selected residues are shown in figures B.35-3 through B.35-8. Propagation

rates for selected wires were determined in several tests to investigate
the reproducability of the data. The results of these repeated tests in-
dicate that the downward rates are reproducible to #0.1 in./sec. The up-
ward burning rates are difficult to reproduce under test conditions and
should be considered as representing the upper range.



TABLE B.35-L.~ WIRE PROPAGATION RATE 1EST

(a) Downward at anmbient temperature

Test Article Test Propagation Rate
Test Gauge Pressure, Ty, 2 Avg. . ]
No, Color AWG Caple (psig) (infsec}| {in/sec) |{in/sec) Discussion
1 white 26 | Wh-B-B1-R 980 - - Insulation burned. Temperature rise on
. CTR and lower T/C's insignificant. See
Test #57.
2 black 26 | Wh-B-B1-R 970 - - - Wire burned through and fell. Data not
avaiiable,
3 blue 26 | Wh-B-B1-R 985 1.00 0.40 0.70 jInsulation burned.
4 red 26 | Wh-B-B1-R 980 0.47 0.35 0.41 |Insulation burned.
5 orange 22 | 0-Y-G-B 980 2.5 0.34 1.42 (Insulation burned. Repeated in Test 55.
6 yellow 22 | 0-Y-G-B 980 0.46 0.50 0.48
7 black 22 | 0-Y-G-B 520 0.41 0.43 0.42
8 green 22 | 0-Y-G-B 955 0.47 0.35 0.4
9 violet 20 [ W-Y 940 0.68 0.43 0.56
10 " | white 20 | W-v 960 0.49 0.54 0,52
1 red 20 | coaxial 950 0.70 1.07 0.88 [Burned #2 T/C away (4P = 200 psig)
12 transparent] 20 | coaxial 980 0.36 Q.42 0.39 [Tested.several times to determine

reproducability of data.

Tse



TABLE B.35-I.- WIRE PROPAGATION RATE TEST - Continued

{(v) Dowmward at ambient temperature

Test Article Test Propagation Rate
Test Gauge Pressure : 2 Avg. .
No. Color AWG Cable {psia) {in/sec)| (in/sec) [(in/sec) Discussion
30 {transparent 20 | coaxial - - ~-. Mo data. Void run.
31 |transparent | 20 |coaxial 970 0.43 0.33 0.38
32 {transparent | 20 |coaxial 960 0:42 0.38 0.40
33 (tranmsparent | 20 | coaxial 980 "0.40 0.41 0.4
34 Jtransparent | 20 | coaxial 935 0.33 1'0.38 0.35
39 {transparent | 20 |coaxial’ 967 0.54 0.71 ] 0.62
40 [|transparent 20 coaxjal 970 1.00 0.68 0.84
4 red’ 20 | coaxidl 950 | 0.75 | 0.94 | 0.85
82  red 20 |coaxial 960 0.86 0.79 0.825 |Partially burned shield.
55 lorange 22 |O-Y-G-B 970 0.4 0.38 0.39
57 Iwhite 26 |R-Y-B1-B 975 0.77 0.64 | 0.7

ese



TABLE B.35-I.~ WIKE PROPAGATION RATE TEST -~ Continued

{e¢) Upward at ambient temperature
Test Article Test Propagation Rate

Test Gauge Pressure 1+ 2 Avg.

No. Color AWG Cable (psia) {in/sec)| (in/sec) |(in/sec) Discussion
13 lyellow 22 | Y-0-6-8 925 2,50 | 1.88 | 2.19 |Did not fuse igniter.
14 [black 22 | Y-0-G~B 985 2.00 4.29 3.14
15 |orange 22 | Y-0-6-p 280 - - - Data unreadable.
16 {orange 22 | Y-0~-G~B 980 6.25 12.5 9.38
17  (black 26 | R-B-B1-Wh 930 3.32 - - T/C #1 data lost.
18 |white 26 | B1-B-R~Wh 980 5.00 2.14 3.57
19 |red 26 | B1-B-R-Hh 975 7.5 3.75 5.62
20 {green 22 | Y-0-G~B 960 1.67 3.00 2.33
21 |violet 20 | W-¥ 965 3.33 7.5 5.42
22 iwhite 20 | W-V 950 15.00 7.5 11.25
23 [transparent 20 | coaxial 960 10.00 7.50 8.75 Several tests of this item conducted to

determine reproducability of data.

24 |transparent 20 | coaxial 960 4.28 15.00 9.64
35 |transparent 20 1| coaxial 975 5.00 15.00 10.00
36 |transparent| 20 | coaxial 975 4.4] 7.50 5.96
37 Itransparent| 20 | coaxial 860 3.75 10.00 6.88

€52



TABLE B.35-I.- WIRE PROPAGATION RATE TEST ~ Continued

(&) Upward at ambient temperature

Test Article Test Propagation Rate
‘ost Gauge Pressure . 2 ‘Avg. . .
lo. Color ANG Cable (psig) {in/sec)! (in/sec) l{in/sec) Discussion
38 jtransparent| 20 | coaxial 970 5,00 8.82 6.91
43 |red 20 | coaxial 965 3.00 - -
44 jred 20 | coaxial 960 5.36 4.69 5.03 | Partialiy burned shield.
45 |red 20 | coaxial 960 4.84 2.21 3.53 | Partially burned shield on igniter end.
46 |red 20 | coaxial 950 6.52 1.85 4.19 | Partially burned shield on igniter end.
54 |blue 26 | 980 - 3.57 7.50 5.50

née



MARTE B,35-I,~ WIRE PROPAGATION RATE TEST - Continued

{e) Dowmward at cryogenic temperatures

pagation Rate

st | D
No._ | Color MG | Cable {psig). | {°F) {{in/sec}|(in/sec)
' 25 yellow 22 } 0-G-B-Y 970 -150 0.22 0.20
26 black 22 { D-G-B-Y 870 .—]59 1021 0.21
27 transparent 20 1 coaxial 950 -164 0.22 0.20
28 | orange 22 | 0-68-y | 1025 | i | 0.4 | 0.2
29 green 22 | 0-G-B-Y 1060 -200 .26 0.23
47 | red 20 | coaxial | g0 | <165 | 0.39 -
56 red 20 | coaxial 975 =170 0.47 0.34
58 | white 26 | R-4-B1-B | 970 | =190 | 0.37 | 0.86
59 clear 26 .R-N-B1-B 975 -172 0.30 0.40
63 violet/ 20 | V- 950 -158 0.29 0.31
white
64 brown/ 20 | B-W 940 -155 0.36 0.36
white .
65 brown 20 { brown 950 -160 0.33 0.33

Avg.
{in/sec)

Discusston

0.21
0.21
0.2
0.24
0.25

0.40
©0.41

0.35

0.30

0.36

0.33

Partially burned shield on
igniter end.

4 conductor in white shrink
tubing.

4 conductor in clear shrink
tubing.

4



TABLE B.35-I.-~ WIRE PROPAGATION RATE TEST - Continued

{(f) Downward at cryogenic temperatures

Test Article

Lﬁ?_t __Color Giﬁge
66 violet 20
73 viack 26

74 |red 26
75 white 26
76 Blue 26

Test Conditions

Propagation Rale |

| _Cable P?Si?:;‘e "{‘3?_3’)) 4 {in/sec) (inlzec) -(-l;ﬁ-}rge.c) Discussion
violet 950 -160 | 0.27 0.25 | 0.26
R-W-B1-B | 950 -170 0.26 0.22 0.24
R-W-B;-B | 950 -170 0.24 | 0.26 | 0.25
R-W-B1-B 975 -175 0.21 0.21 0.2
R-W-B1-B 980 -158 0.24 0.23 | 0.22

by Sy i i

942



TABLE B.35-T.- WIRE PRORAG&?IOK RATE TEST - Cbntlnued
(g) Upward at cryogenmc temperatures

“_Test Articie

Tesi CondiLions. |

Propada; Ja_g_ntwn Tafe

Test Gaige Bressure| Temp. 1 Avg. )

No._ Color AYG Cable {psig) | (°F) o (in/sec) (m/s_e_(_:_) (in/sec) Discussion
48 yellow 22 | G-B-Y-0 950 -170 6.00 2.50 4.25

49 |orangé 22 |G-B-Y-0 | 960 | -155 | 1.88 | 3.75 | 2.82

50 black 22 i G-B-Y-0 960 -170 - 6.00 4,29 5.15

51 |green 22 | G-B-Y-0 960 | -165 | 1.36 | 7.50 | 4.43

52 clear 20 | coaxial 940 -170 4.29 3.33 3.81

53 |clear 20 | coaxial 950 | <170 | 3.75 .| 2.14 | 2.95

60 clear 26 | R-W-B1-B 940 -175 2.5 2.0 2.25 4 conductor in clear shrink

. tubing.

67 violet 20 |violet 940 ~155 1.1 .1.25 1.18

68 brown 20 | brown 840 ~156 1.20 1.30 1.25

69 white/ 20 JW-v 950 =170 3.0 2.5 2.75

|violet’
70 |white/ 20 |w-B 950 | -170 | 2.73 | 375 | 324
brown
| white/ 20 {W-B 950 =170 1.00 2.31 1.66 Repeat of Test 70.

' brown

72 white/ ~ 20 W~V 950 =170 1.25 - 1.25 Repeat of Test 69.

violet o »

4Se



TABLE B.35-%.- WIRE PROPAGATION RATE EST - Concluded
(h} Speclal material downward propagation rate tests at cryogenic temperatures

Test Article Test Conditions Propagation Rate
Test . Weight Pressure| Temp. F] Avg,
No. Size (gms.) Cable {psig) | {°F) (infsec)| (in/sec)|{in/sac) Discussion
61 1/4" x 1 9/16" | 0.93 |Quality Probe 980 -168 0.0%4 - 0.094
Material 25%
Filled Teflon
&2 0.93 Simulated 1000 =162 0.37 - 0.37 Plain teflon strip.
Quantity Probe
Material Teflen
Only
77 /4% x 1 9/16% | 1.5 Quantity Probe 965 =159 0.12 - 0.12
Material 25%
Filled Teflon
78 /4" x 1 916" | 1.5 Quantity Probe 960 ~160 0.17 " 0.17

Material 25%
Filled Tefion

gce
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Initial chamber conditions:
Pressure, 925 to 1125 psig .
Temperature, 148 to -210° F
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Figure B.35-2 .- Propagation rate test setup.



Figure B.35-3.- White wire from brown, white, blue, and red cable.

9e



Figure B.35-4.- Orange wire from orange, yellow, green, and brown cable.
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Figure B.35-5.- Violet wire from a violet and white cable.
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Figure
B.35-6
.= Red wi
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ar coaxial
cable.
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Figure B.35-7.- Four conductor wire in white tubing.




Figure B.35-8.- Brown wire from a brown-brown/white-violet-violet/white cable.
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B.36 HEAT OF COMBUSTION OF POLYTETRAFLUOROETHYLENE,
MYLAR, ALUMINIZED MYLAR, AND ALUMINIZED
KAPTON SAMPLES TEST

B.36.1 OBJECTIVE

The objective of this test was to determine the heat of combustion
of samples of polytetrafluoroethylene, Mylar, aluminized Mylar, and
aluminized Kapton.

B.36.2 TEST PROCEDURES AND CONDITIONS

The tests were made using a Parr series 1200 adiabatic oxygen bomb
calorimeter apparatus with a Parr 1101 double-valve bomb for combustion.
The method is considered a standard for heat of combustion measurements
over a broad range of combustible materials. Briefly, the method involves
the ignition of samples up to 1.5 grams in a pure oxygen atmosphere pres-
sure and the subsequent measurement of heat units liberated. The ignition
source used was a 34 gage (AWG) Nichrome wire, 10 centimeters long, elec-—
trically heated, and partly consumed in the combustion. The ignition of
the materials in the oxygen bomb is rapid, less than 0.2 second.

B.36.3 RESULTS

The results of the analyses are as follows:

Heat of combustion, Btu/lb

- Sample Test 1 Test 2 Test 3 Average
Mylar, no coating, 0.25 mil 9853 9857 9842 9851
k7 Mylar, single aluminized,
| 0.25 mil 9840 98k43 9882 9885
| Mylar, double aluminized,
i 0.25 mil 9873 9869 9833 9859
| Polytetrafluoroethylene 2180 2194 - 2187

Kapton, single aluminized,
0.5 mil 10 T15 10 676 10 T1k 10 701
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B.36.4 CONCLUSIONS

The results of the analyses show no significant differences in heat
of combustion values obtained for Mylar and aluminized Mylar materials.
Since the thickness of the aluminimum coating is approximately 1000 to
1200 Angstroms, the contribution to the heat of combustion values would
be minimal. The aluminized Kapton material yielded heat of combustion
values of about 900 Btu/lb higher than those for the Mylar samples. The
results obtained for polytetrafluoroethylene showed heat of combustion
values of approximately one-fourth those obtained for the Mylar.

The test data show that Mylar and Kapton yield relatively high heat
of combustion values, comparable to the heat of combustion of methyl
alcohol (9759 Btu/lb).
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B.37 PRODUCTS OF COMBUSTION OF POLYTETRAFLUOROETHYLENE IN OXYGEN

B.37.1 OBJECTIVE

The objective of this test was to determine the principal products
of combustion of polytetrafluoroethylene in oxygen.

B.37.2 TEST EQUIPMENT AND CONDITIONS

Samples of polytetrafluoroethylene were burned in one atmosphere of
oxygen and in 20 atmospheres of oxygen plus aluminum powder and analyses
of the residue were made using a mass spectrometer and a gas analyses.

B.3T7.3 RESULTS

The analyses identified the following compounds at the indicated
relative concentration.

Possible One atmosphere, Twenty atmospheres,
species oxygen oxygen plus aluminum

CF3 100 100

CF 16.1 4.3

C2F5 13.6 -

CF,, 5k 10.6

COF2 .3 e

C.F.0 3 1 Bt

cae
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B.38 FLOW REACTOR TEST

B.38.1 OBJECTIVE

The objective of this test is to determine the effect of flowing
oxygen over a heated polymer.

B.38.2 TEST PROCEDURE

This test was performed by flowing gaseous oxygen through a heated
flow reactor filled with polytetrafluoroethylene shavings.

-

B.38.3 RESULTS

The initial stages of degradation follows a first order equation,
K=6.3x lO18 e =ta000 /5T

ignition oeccurs is 500° C.

second. The temperature at which spontaneous




B.39 FLAME SPREADING STUDIES OF POLYTETRAFLUOROETHYLENE

INSULATED WIRE

B.39.1 COBJECTIVE

The objective of this test was to determine the effect of a zero-
gravity environment on the burning characteristics of polytetrafluoro-
ethylene-insulated wire.

B.39.2 TEST EQUIPMENT AND CONDITIONS

The tests were conducted in an oxygen environment of 920 (+20) psia
and minus 180° (+10°) F. The experimental apparatus was installed on a
standard drop test vehicle (figs. B.39-1 and B.39-2) capable of provid-
ing the necessary supporting functions. The basic components of the
experimental apparatus were the combustion chamber with a sapphire win-
dow to permit high-speed photography and an expansion tank as a safety
feature in the event of an excessive pressure rise. The apparatus was
equipped with a fill and vent system, pressure relief system, and liquid
nitrogen cooling coils. The test specimen was installed in the combus-
tion chamber in a horizontal position (fig. B.39-3), and ignition was
caused by heating a 26-gage Nichrome wire wrapped around the specimen.
The chamber pressure and temperature were monitored throughout the test.
High-speed (400 frames per second) photographic data were obtained using
a register pin Milliken camera with Ektachrome MS 2256 (Estar Base) film.
Standard film processing was used.

A total of eight tests were conducted on three test specimens. Each
specimen was tested in a one-gravity and a zero-gravity environment, and
a one-gravity and a zero-gravity test were repeated on two specimens to
examine repeatability of the data. The three specimens were:

a. Type 1 - Fan motor conductor bundle - four wires and white
sleeving

b. Type 2 - Fan motor conductor bundle - four wires and clear
shrink sleeving

c. Type 3 - Aluminum polytetrafluoroethylene feedthrough assembly -
four wires and no sleeving.
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B.39.3 RESULTS

A brief summary of the results is presented in table B.39-I.

B.39.4 CONCLUSIONS

The major conclusion from this study is that the flame spread rate
in zero gravity is less than that observed in one gravity.



TABLE B.39-I.- SUMMARY OF RESULTS

Run Test Gravi ty Average flame
; Comments

number specimen level spread rate - cm/sec

A-1-1 Type 1 One 1.k The specimens burned vigor-

A-1-2 Type 2 One 1.4 ously. The flame progressed

A-1-6 Type 1 One 1.4 along the specimens in a
pulsating fashion.

A-1-3 Type 2 Zero 4 The specimens burned in zero

A-1-5 Type 1 Zero s gravity but not as vigorously

A=1-T Type 2 Zero .8 as in normal gravity. The
flame pulsated along the speci-
mens in a similar way as in
normal gravity but at a slower
overall rate.

A-1-8 Type 3 One - The flame propagated through
the aluminum holder but did
not ignite it.

A-1-4 Type 3 Zero - The flame could not be clearly
defined on the film. The
aluminum holder did not ignite.

no
—
w




Figure B.39-1.- Five-second drop vehicle.




Figure B.39-2.- Experimental combustion apparatus.

Gle
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Figure B.39=3 .- Typical test specimen installation in combustion chamber .
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B.4O CRYOGENIC OXYGEN TANK BLOWDOWN TESTS

B.40.1 OBJECTIVE

The objective of this test was to determine the temperature, pres-
sure, and density profile during sudden venting of cryogenic oxygen tank.
Three individual tests were conducted, one each through the fill, vent,
and feed lines.

B.L0.2 TEST EQUIPMENT AND CONDITIONS

For each test, the tank was loaded with liquid oxygen to approxi-
mately 78 percent, pressurized with ground support equipment heaters to
900 psia, and allowed to stabilize at normal heat leak flow rate for a
minimum of 10 hours prior to the following venting tests:

a. With the fill line and vent line valves closed, the feed line
valve was placed in the full open position, and the internal tank pres-
sure and temperature were recorded until pressure was depleted
(fig. B.ko-1).

b. The vessel was refilled with liquid oxygen, the fill line valve
was fully opened, and the internal tank temperature and pressure were re-
corded until pressure was depleted (fig. B.L0-2).

c. The vessel was refilled with liquid oxygen, the vent line valve
was fully opened, and the internal tank pressure and temperature were re-
corded until pressure was depleted (fig. B.L0-3).

B.40.3 RESULTS

None of the tests resulted in any abnormal pressure surges of unex-
pected depletion rates. The feed line blowdown depleted the tank to
65 percent quantity; the fill line blowdown to 0.43 percent, and the
vent line blowdown to 38 percent.
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B.41 ALL-UP CRYOGENIC OXYGEN STORAGE SYSTEM

B.41.1 OBJECTIVE

The primary objective of-this test was to determine the pressure
and temperature time history of the combustion of polytetrafluoroethylene
wire insulation and the extent of propagation to other materials when
the wire insulation was forcibly ignited near the lower fan motor in a
flight configured cryogenic oxygen tank. The secondary objective was to
measure the performance characteristics of the oxygen system components,
such as the relief valve, pressure transducers, and flowmeters, during
and immediately after combustion.

B.41.2 TEST EQUIPMENT AND CONDITIONS

The test setup is shown in figure B.L41-1. The test was conducted
on a cryogenic oxygen storage system that was near flight configuration,
including equivalent flow line sizing. The only modifications were the
addition of three internal temperature measurement and three optional
internal ignition locations. The ignition location selected was at the
point the lower fan motor wiring where it exits the heater/fan assembly.
The test was conducted with the tank rotated 90 degrees from the normal
vertical position (fig. B.41-2). Two additional glass-bead-insulated
thermocouples were installed in the tank, and the wiring was routed out
of the tank via the vent line, terminating in pressure connectors capable
of withstanding the operating pressures. The existing temperature sensor
was modified from a four wire system to a two wire system, thereby pro-
viding two conductors for an additional sensor at the wire loop mid-point.

After the altitude test chamber was evacuated, the tank was filled
to 100 percent and the desired fluid temperature and pressure conditions
were achieved (900 psi and minus 190° F). In addition, a supply line
flow rate of approximately 0.50 1b/hr was established from the tank.
Data were recorded continuously during the test and until all combustion
was completed, as indicated by the cooling of all temperature measurement
points. The fans were turned on prior to ignition.

B.41.3 RESULTS

The electrical conduit ruptured asbout 1/k-inch from the electrical
conduit/pressure vessel interface at 58 seconds after ignition (fig. B.L1-3).
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A time history plot of tank pressure and temperature recorded during the
ignition and an identification of the significant events is shown in
figure B.l1-U. Discrete geometric locations and linear distances be-
tween these discrete locations are shown in figure B.L1-5.

The electrical conduit ruptured at 58 seconds after ignition, but
this was an expected failure mode and demonstrated that the combustion
phenomena and time history relationships predicted for this test were in
agreement with results obtained from prior component level tests. The s
flight relief valve relieved at 1006 psia and indicated a maximum flow-
rate of 100 1b/hr (tank pressure 1170 psia) approximately 1 second be-
fore conduit rupture. There was no significant differential pressure
observed between the tank pressure, as measured by the ground support
equipment transducer located in the tank vent line, and the flight pres-
sure transducer during the dynamic tank pressurization history. The
average burning rate from ignition location to flight position tempera-
ture sensor going off scale was 0.585 in./sec.

A visual inspection of the tank interior revealed the following:
a. All internal wiring insulation was burned.

b. The top glass-filled polytetrafluorcethylene sleeve insulator,
in the density sensor probe, was approximately 98 percent consumed
(fig. B.LU1-6).

c. Both the upper and lower polytetrafluoroethylene £ill tube
adapters within the density sensor probe were totally consumed.

d. The bottom polytetrafluoroethylene sleeve insulator on the
density sensor was not damaged.

e. There was no indication of metal burning except some minor
wire fusing.
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Figure B.41-1.- All-up cryogenic oxygen storage system test setup.
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Figure B.41-2.- Orientation of oxygen tank during test.




Figure B.41-3.- Electrical conduit rupture.
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Identification
Point Description
A Point of conduit rupture
B Electrical conduit/ pressure vessel interface

C Electrical wire penetration through upper
insulator of capacitance probe assembly

D Location of flight temperature sensor
Location of wire loop temperature sensor

Clamp

Lower fan motor wire conduit upper grommet

L & m m

lgnition location on lower fan motor wire
between conduit lower grommet and lower
fan motor copper wire clip

Distances

AtoB Approximately 0.25 inch

BtoC Approximately 4.0 inches

CtoE Approximately 5.0 inches
EtoF Approximately 6.0 inches

FtoG Approximately 1.75 inches

GtoH Approximately 12.5 inches

Figure B.41-5, - Significant point location.

To ignition
point at
lower fan
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Figure B.41-6.- Top glass-filled polytetrafluorethylene sleeve insulator (post-test).
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B.42 HEATER GROUND POWER SUPPLY VOLTAGE TESTS

B.42.1 OBRJECTIVE

The objective of this test was to determine if the voltage data
would indicate whether the thermal switches in the cryogenic oxygen tank 2
opened while the heaters were on during the special detanking procedure
prior to the Apollo 13 missiom.

B.k2.2 TEST CONDITIONS

During this test, the ground power supply was set to provide 75 V de
to the cryogenic oxygen tank heater, with no load; then a 12.5-ampere load
was applied.

B.42.3 RESULTS'

The resulting voltage drop at the ground power supply was 5 to 6 V de.
This compares favorably with the following voltage drops measured at
launcher umbilical tower 2 during the Apollo 13 detanking procedure:

a. For oxygen tank 1 at 9.5 amperes, the voltage differential between
the ground power supply and spacecraft was 13.8 V dec

b. For oxygen tank 2 at 9.25 amperes, the voltage differential was
13.5 V de.

B.42.4 CONCLUSIONS

It is concluded that during the special detanking procedures prior
to the Apollo 13 mission the heaters were on for the times shown on
table B.Lh2-I.



TABLE L42-I.- HEATER AND FANS RUN TIME - CRYOGENIC OXYGEN TANK 2

Total on time Total on time
Date Heater on | Heater off heater, Fans on | Fans off hegter,
hr:min hrimin:sec
March 27 2147 0603 (3/28) 8:15 23:20:57 | 06:02:0k% 6:41:8
March 30 1652 172k 0:32 16:53:30 | 17:50:0k4 0:56:2h

NOTES: 1. ON March 28 at 0050, temperature transducer reached upper limit of +8L4° F.
It remained at' this level until Oh02. It remained on scale through the

remainder of the test.’

2. Review of voltage strip charts (A14-052) indicates heaters remained on
during the period that the temperature read off scale (March 28 at 0050
to 0402 on March 28).

062
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B.43 PANEL SEPARATION TESTS

B.h3.1 OBJECTIVE

The objective of these tests was to demonstrate the separation se-
quence of the service module bay U4 cover panel in a manner that could be
correlated with flight conditions. The panel failure mechanism and the
pressure distribution that resulted in separation were slso to be deter—
mined.

B.4t3.2 TEST EQUIPMENT AND CONDITIONS

An experimental and analytical program utilizing one-half scale dy-
namic models of the service module bay U4 cover panel was conducted. Panels
were attached through replica-scaled joints to a test fixture that simu-
lated pertinent service module geometry and volume. Venting was provided
between compartments and to space. A high pressure gas system was used
to rapidly build up pressure behind the cover panel as the input force
leading to fallure. Similarity laws for the response of structures led
to scale factors of one-half for model time and one-eighth {one-half cubed)
for model .mass. Some of the derived model to full-scale ratios are:

Displacement = 1/2 Force = 1/4
Velocity =1 Pressure = 1
Acceleration = 2 Stress =1
Area = 1/ Fnergy = 1/8
Volume = 1/8 Momentum = 1/8

Initial tests were conducted on isotropic panels that scaled only
membrane properties while more completely scaled sandwich panels were
belng fabricated. While preparations for vacuum testing were underway,
testing started at one atmosphere. The first tests concentrated on de-
termining the pressure input required for separation and deferred to later
tests the simulation of internal flow required to produce these distri-
butions.

Two computer programs were used for analysis of the one-half scale
models of the bay 4 cover panel. The initial dynamic response calcula~
tions using a non-linear elastic finite difference program indicated that
panel response was essentially static for the class of pressure loadings
with a nonlinear elastic finite element representation and the NASTRAN
computer program.
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Figure B.43-1 shows cross sections of the full scale and model panels
The full scale panel was a honeycomb sandwich structure with a Z-bar edge
closeout attached to the service module with 1/k-inch bolts around the
edges and to each of the bay U shelves., The first one-half scale panel
models, designated DM on figure B.13-1(b), scaled membrane properties of
the full-scale sandwich panel inner and oubter face sheets with a single
isotropic panel having the correct nominal witimate tensile strength.
The Z-bar was simnlated by a flat bar that represented the shear area of
the outer Z-bar flange. Fastener sizes, holt patterns, and bonding

maberial were duplicabted from full scale..

One-half size honeycomb sandwich panels, designated HS in fig-
ure B.43-1(c), scaled both bending stiffness and membrane stiffness. Al-
though core density of the sandwich models was slightly high, the dimen-
sions, materials, bonding, and Z-bar closeout were scaled. BSome alloy
substitutions were made, but nominal sitrength requirements were met.

Test fixture.- The test fixture (figs. B.43-2 and B.43-3) was a
one-half size boilerplate mockup of the service module bay 4 and central
tunnel. Vent areas connected the bay 4 shelf spaces to the central tun-
nel and to each other. The tunnel also had venis to space and to a large
tank simulating the remaining free volume of the service module. Vent
areas were adjusted in initial tests to obtain desired préssure distri-
butions but were scaled from the best available data for final testing.
The fixture also held the pressurization system and instrimentation,

True free volume was approached by adding several wooden mockups of
equipment.

Pressurization system.- The pressurization system is shown in fig—
ure B.k3~2. A 3000-psi accumulator was discharged, on command, through
an orifice by mechanically rupturing a diasphragm: The gas expanded into
the oxygen shelf space of bay & through a perforated diffuser. In order
to obtain uniform pressure over the entire panel for scome tests, the .
diffuser was lowered so that it discharged into both the oxygen and
hydrogen shelf spaces. For these particular tests, extra vent area-was
provided between all shelves to insure wniform pressure throughout bay 4
For most tests, a shelf was placed between the diffuser and panel to
minimize direct impingement. -

Other.- Instrumentation consisted of strain gages, fast response
pressure sensors, and high speed motion picture cameras. Atmospheric
tests were conducted in a rocket test cell and vacuum tests at 1 mm Hg
pressure in a 60-foot vacuum sphere.
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E.43.3 - RESULTS

Presentation of results.- The test program is summarized in table
B.4b3-I. Typical failures and pressure time histories are illustrated in
figure B.k3-k. Figure B.L3-5 is a sequence of prints from high speed
movie cameras that demonstrate separation of the sandwich panel models.
Results of NASTRAN calculations on the one-half scale models are pre-
sented in figure B.43-6 and B.43-7.

Demonstration of panel separation.-~ Panel separstion was demon-—
strated with both membrane and sandwich panels. Two sandwich panels
separated completely from the test fixture during vacuum tests. Two
membrane panels, although less representative of flight conditions, also
separated complétely in vacuum tests. However, similar tests with mem-
brane panels in atmosphere lefi portlons of panels attached to the test
fixture (figs. B.43-4(b) and B. 43-h(c)). Complete separation in atmos-
phere could not be achieved due to mass and drag of the air.

Pressure distributions.- Complete membrane panel separation was
achieved only with nearly uniform pressure distribution over the entire
bay L panel cover (fig. B.43-4(d)). When just the oxygen shelf space
experienced high pressures, membrane panel separation was localized to
the area of the panel over the oxygen shelf space (fig. B.43-4(a)). This
type of local failure occurred in both atmosphere and vacuum. When
scaled internal ventihg was introduced, model DM-10 lost a slightly
larger portion of panel due to high pressure experienced by both the
oxygen shelf and fuel cell shelf spaces, while the rest of bay L was at
low pressure,

Complete separation .of sandwich panels has been obtained with both
uniform and non-uniform pressure distributions. Figure B.43-8 shows the
-type of pressure time histories experienced by various sections of the
panels. The préssure predictions are based on the internal flow model
of the Apollo 13 service moduwle (fig. B.43-2) and have been verified in
these experiments. Peak pressure’levels were varied from test to test,
but the curve shape was always similar. One sandwich panel separated
after about 0.2 second during the initial pressure rise in the oxygen
shelf space while overall panel loading was highly non-uniform
(fig. B.43-4{f)). The Other sandwich panel did not separate until about
0.19 second after 21l bay 4 compartments had time to fill with gas and
arrive at a much more uniform loading (fig. B.43-k(e)).

The effect of pressure distribution on peak pressures required for
failure is showm by the NASTRAN calculation in figure B.43-6. Included
for reference is the linear membrane result, N = pR., The load required
for edge failure was determined from tensile tests on specimens of the
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DM model joints. The peak uniform pressure at failure initiation was
only T5 percent of peak pressure at the failure load with just the oxygen
shelf space pressurized.

Failure mechanism.- The failure mechanism for complete separation
of a menbrane panel is demonsirated by the photographic sequence in
figure B.43-5(a). Failure was probably initiated by a localized high
pressure near the edge of the oxygen shelf space. A crack formed where
a shelf bolt head pulled through and rapidly propagated through the panel.
Expansion of the pressurizing gas through the openings accelerated pancl
Tragments to very high velocities. Inertia loads from the high acceler-
ation completed the separation. Membrane panels were observed to scparate
in three pieces — one large and two small fragments.

The failure of a sandwich panel under uniform loading in vacuum is
shown in the picture sequence of figure B.k3-5{(c). Failure started at
the edge of the oxygen shelf space by pull-through of the sdge bolts
through the upper sandwich face sheet. Very rapid tearout along three
edges followed, primarily by tension in the face sheets and tearing of
the core material from the Z-bar at the edge. The panel then rotated
like a door from the test fixture in one piece.

Non-uniform loading of a snadwich panel led to the failure shown
in figure B.13-5(b). Initial failure was at the panel edge near the fuel
cell shelf. Tearout along one edge and the top rapidly followed and was
similar to the previous failure. However, the edge tear stopped before
reaching the bottom and became a diagonal rip that left the lower third
of the panel attached to the fixture, The upper two-thirds of the panel
then rotated door-like and separated. TFinally, a vertical tear propagated
through the center of the remaining fragment, the bottom tore ouwt, and
rapid rotation separated the remnants in two pieces.

Figure B.43-7 relates NASTRAM calculations to the observed failures.
Predicted edge load direction and magnitude are illustrated for two
pressure distributions. In figure B.43-T(a)-1 and B.k3-T(b)-1, panel
edges are assumed fixed while in figures B.U43-7(a)-2 and B. h3- (b)-2 the
panel edge joint along the oxygen shelf space is assumed to have failed.
Also shown in figures B.43-7(a)-2 and B.43-7(b)-2 are typical observed
failure patterns for these types of loadings on membrane panels. £&n en-
largement of the dotted section of figure B.k3-T(a)-2 is shown in fig-
ure B.43-7(c) to indicate the type of edge failure observed. Arrows in-
dicate the direction of force required to cause the pullout failures.
The NASTRAN edge force patterns are consistent with these fgilures. In
addition, figures B.L3-T(a)-2 and B.43-7(b)~2 indicate that tears into
the membrane panels tend to remain normal to the direction of the edge
forces.
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Correlation with flight.- Tests with sandwich panels more closely
simlate flight conditions than tests with membrane panels due to initial
failure characteristics and post-failure separation behavior. The sepa-
ration behavior of sandwich model HS-3 {figs. B.U3-4(f) and B.13-5(b) is
also believed to be more representative of flight than the separation
behavior of model HS-2 (figs. B.h3-U{e) and B.43-5(c}) for two reasons.
First, slthough model HS-2 was tested with scaled internal venting be-
tween the compartments of bay U4 and the service module tunnel, the rest
of the service module free volume had been closed. In the HS-3 model
test, this vent area had been opened to a realistic value of 60 square
inches. BSecond, the slow pressure bulild-up before separation of model
BES~2 allowed service module tunnel pressure to rise well above the 10 psi
Yimitation required to prevent separation of The command and service mod-
ules. Pressurization leading to model HS-3 separation was so rapid
(20 milliseconds) that service module tunnel pressure remained below the
10-psi limit. The time to failure would scale up to 40 milliseconds for
the flight configuration.

Tests with models HS-3 and HS-k have bracketed the most likely
separation conditions. For hoth tests, internal venting was scaled and
diffuser configuration and accumulator pressure were identical. Model
HS-3 separated due to an initial alr flow of 190 1b/sec through an
orifice of 2.85 square inches. Separation was not achieved on model
HS-4 when initial eir flow was 135 1lb/sec through a 2.0 square inch
orifice, even though peak pressures of over 35 psi occurred in the
oxygen shelf space after 20 milliseconds.

B.43.4 CONCLUSIONS

Complete separation of one-half scale honeycomb sandwich models of
the bay -4 cover panel in vacuum has been demonstrated. Separation was
achieved by rapid air pressurization of the oxygen shelf space. Internal
volumes and vent areas of the service module were scaled. Separations
were obtained with both uniform and non-wniform pressure distributions,
The separation resulting from a non-uniform loading that peaks 20 milli-
seconds after start of pressurization (L0 milliseconds full scale) cor-
relates best with hypotheses and daba from flight. This particular panel
separated in three pieces after an initial tear along the sides that
allowed it to open like a door. Inertia loads are a major factor in ob-
taining complete separation after initial failure.



TABLE B.43-I.- PANEI SEPARATION TEST SUMMARY

VOLUME
MODEL INTERNAL FIRST DIFFUSER LOAD PRESSURE*
VENTS PRESSURIZED CHARACTER P RISE .TIME FAILURE
(psi) (8ec)
ATMOSPHERE TESTS
IM-1-1 | NOT SCALED Op SHELF OPEN BAND 2430 0.020 NONE
TM—1-2 " " " " 30-58 - 005 0o SHEL® AREA
-2 " " " " 3452 - 006 Op SHELF ARFA
M3 " BAY 4 " UNIFORM | 15-35 L015 NEARLY TOTAL (FOLDED BACK)
DM " " SHIELDED " 20-26 016 NEARLY TOTAL (LEFT EDCES)
VACUUM TESTS
DM~5—1 " " " " 1420 - NONE
DM-5-2 m " " " 2028 016 TOTAL
DM_6 n n 1t " 19_27 . 018 TOTAL
DM-T " 0p SHELF OFEN BAND 2540 005 Op SHELF AREA
-8 " " SHIELDED " 20-37 012 Op SHELF AREA
m__9 1 " L] " 18_23 30“-0' HNONE
DM-10 SCALED " " - 21~39 070 UPPER 2/3 RDS OF PANEL
HS"'l " n n — —_— — NONE
HS-2 " n " - 23-32 . 190 TOTAL
HS—53 " " " - 3067 +020 “TOPAL
Hs-4 " " . - 3044 ".020 NONE

¥Range of peak pfessures in the

is rise time,

0y shelf space is indiceted. Time from pressure release to peek pressure

96¢c



7178-T6
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7178-T6 Alclad
Ll 0.006 inch
3/16 by .0015 inch core 7075-Té6
@) Eull seale. 1/8 by .008 inch core
| (c) HS model.
Figure B.43-1.- Panel designs.
@ Volume Description
1 Pressurization tank
2 3 4 5 2 Fuel cell space
3 Oxygen tank space
I I i 5 1l H_l: 4 Upper hydrogen tank space
3 Lower hydrogen tank space
* 6 Tunnel
7 Other service module free volume

Figure B.43-2 .- Schematic of test fixture.
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(a) General view.

Figure B.43-3,- Panel separation test fixture.
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(b) ixture with panel installed.

Figure B.43-3.- Continued.
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(c) Internal view.

Figure B.43-3 .~ Concluded.
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iR

40

0 40

Time, msec
(@) Membrane panel DM-2, atmosphere, band load.
Figure B.43-4.- Separation behavior of sandwich model.
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(b) Membrane panel DM-3, atmosphere, uniform load.
Figure B.43-4.- Continued.



A
/L
e
A

‘®
a
a
<

Oxygen space

(c) Membrane panel DM-4, atmosphere, uniform load, no direct impingement.
Figure B.43-4.- Continued.
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(d) Membrane panel DM=6, vacuum, uniform load, no direct impingement.

Figure B.43-4.- Continued.
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(e) Sandwich panel HS-2, vacuum, no direct impingement.

Figure B.43-4.- Concluded.
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(f) Sandwich panel HS-3, vacum, no direct impingement.
Figure B.43-4.- Continued.



(a) Membrane panel DM-6.

Figure B.43-5.- Sequential failure of two sandwich and one membrane panel.
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(b) Sandwich panel HS-3.

Figure B.43-5.- Continued.
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Figure B.43-5.- Concluded.




1400 - [RRE!
/Uniform pressure on whole panel
1200

JH]r 114

S 1000 |-
= Edge failure load Pressure in oxygen shell area twice
= ecssnsnsasansasasorsessensusnsnnssnsasonsesngliesgponsrogoneses that on remainder of panel
S goo | (From tensile specimens) ‘
=

]

600 } -
' Pressure in oxygen shelf area only
|

400 |
' //J/ 4

200 '
' Oxygen shelf
| max

1 1 1 1 I 1 ]
0 5 10 15 20 4 30 35

Peak pressure (psi)

Figure B.43-6.- Maximum edge load on half scale honeycomb panel as predicted by nastran.
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