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FOREWORD

This report covers the work performed under NAVSRIPS Contract No.
NObe-9U416 (Project No. SF013-08-14, Task 3917). The NAVSEC
contract monitor was Mr. Herman Kraut,

The objective of this program was to collect the necessary experi-
mental data on igrition and flame propagation in an cil) contamlnated
oxygen system in order tc more exactly define the required level of
¢cleanliness for such systems. The results are to be incorporated
into military aspecifications for oxygen systeus to define the
required cleanliness,
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INTRODUCTION

Under auspices of the Department of the Navy, NAVSEC, a study was
undertaken to determine the sompression ignition and flame propage -
tion 1limits of hydrocarbons in a8 high pressure oxygen systen,

Considerable work has been done concerning conpression ignition ant
flame propagetion in high pressure air systems, but very little han
been done with pressurized oxygen systems. The limited woric pevformai
with oxygen did not employ conditions corresponding to the specific
systems now in use, namely 3000 psi oxygen with 1/2" monel piping
The progran reported herein was designed to atudy that spucillie ara

The study was primarily concerned with the determination of the
acoceptable levels of oil contaminaticn (2190) on the internal sar-
face of a 1/2" monel pipe telow which compression iguition and fle 10
propagation will not occur wher pressurized with 3000 psl orygen.

It was also detired to determine that level of o1l countamination
where, upon igr.ition, a prussure rise will not excced 25%.

The first phase of the program conslsted of 2 literature survey to
assemble and review all avallatle information from previous stuZle:
in the area of compression ignitlon zand flame propagation in hizh
pressure alr and oxygen systems, A summary of these earlier studic:
is presented in Section T, |

Follouiing the literature survey a test propran was designed ard
initiated to accomplish the ohjectivus of The contraot. A dese-ip
tion of the tert apparatus used 18 precented 'n Section IX, the
testing proccdure ls described in Section [II, and the results cof
the test progr:m ars pireserted in Section IV,

Throughout thir report, the term "oil connentratlon™ s ugecd., 1Th!
rofers to the smcant of ol) ccating. expresced as ug/rta, on the
inglde surface of the teat pips.




SUMMARY

A test program was conducted to determine the ignition limitc or
o1l contamination in 1/2" monel pipe when pressurized with 3600 pi-i
oxygen. The olls investigated were 2190 lubricating oil and Hubecol
#318 eutting ofl. Thin fllms of these olls were applied to the
internal surface of a 4 ft. section of 1/2" monel pipe. The plpe
was then rapidly pressurized with 3000 psi oxygen. In addition,
tests were made using o1l droplets and varying the initial pipe wonll
temperature.

The test results showed 1little danger of compregsion ignitions at_
o1) concentrations below 160 mg./ttZ of 2190, or below 110 mg./rt:
for Rabeool. Concentrations of both oils above 260 mg./rta will
ignite when rapidly pressurized with 3000 psi oxygen. Thc¢se con--
centrations must be compared to the present oxygen cluan standurd:
of 0.013 lg./i‘tz maximum allowable hydrocarbon concentration.

The results also showed that ignition will not occur with oll drorlc s
or puddles smaller than 1004/ 1in cize and that a pressure rine
greater than 258 will not cccur telow oll concentrations of 500 m; ., 't .

As a result of this test program, it is recommended that the Y ge it
clean standards bte relaxed to 1.5 ug./n:z. The level of o1l con-
centration is a factcr of 100 below the lower ignition limits
defined by Uhis tent program. It 1o felt that such a gafety fucs: r
wore than compensates for any variction in the lower ignit fon tnqiv
due to effective pipc length, wall temperature, and non-:nifornii: !
01l contamintion.




I LITERATURE SURVEY

In recent years the phenomenon of couwpression ignitlion in pneumatic
systems has been extensively studied. Such ignitions are induced

in syntems contaminated with sufficlent quantities of a combustibdl.
organie material and exposed to rapid pressurization with an oxlaizing

gas.

Most of the work was concerned with high pressure air systems con-
taninated with lubricating oll from air compressors. PFaeth and Whlte(
conducted a series of tests in which they investigated the combugticr
churacteristics of 25 mg. saxples of various lubrleating olls placec
at the dead end of 2 plpe exposed tv rapid pressurization with Qir.
They defined the combustion ranges as functions of verlious parametc:ic
tnoluding the rate of pressurization, air pressure, length of pipc,
and the initla) amblent system teapcrature. The results of ticce
tests quantify the expected trends duc to variation in the parc-
meters. Of interest was the fact that the occurrence of coubusticn
vas greater, the shorter the length of plpe used down to a length of
1 ft, However, the changec in combustiocn limit was cnly a mild
functlion of the pipe length.

1)

wlleonta) and co-workers invest'gated the compression ignition
characteristlics of lubricating clls evenly coated on the internal
surface of a 1 1/2" dianster test pipe. Ucing a 15 ft. length of
oips, they atudled doth avto-igniticn and flame propagation using
2190 and Callulute lubvicat’'ng clls. Wllgon defined the lower
combustible 1imlt In the aage of 1000 ug./ft° of ofl. He also
found that :sed degraded oll ucec much more reactive than new unuscad
oils - gtiributing this to brezkdown pr?dlcts in the oil, This ocun-
clusion wan later verified by Zabetakis'3). Both Hilson'2 and

Perlee(u), concerned with this type of ignition causcd by degredec
vil blow-by froa air coupresrors, recomrend proper cleaning and

maintenance to prevent dangerous conditions from arising.

1-1




Fbeth(l) did a thecreticeal analysis of the rapild compression pr . o-o:
in an attempt to predlast whetiaer condliione for ignition would ciiri
in a glven system. Predictions bas=4 on his analysis compared wei’
with his observed experimental data.

Dallinger and Hcalll(s), concarned with high nressure air systens
aboard submarines, surveycd work done in this field. They rcportcd
that an increase in pipe diameter increascd the temperatures obtain.”
during a rapid compression, thu. lowering the concentratlion of ol:
necessary for ignltion,

Russian interest in the problem of compression 1gn%$§on with oxymer
18 indicated by the work of Gordeyev and couovkers . They rcpoit. !
lower explosive limits of 26,000 mg./?te of oll and lower cceumbusticr
limits of 190 mg./?ta. However, tirey used olls with Russian
designations, making compariscn with 2190 difficult, and Cthey fall::

to report pertinent parameters such as rates of pressurization zng
pipe diameters.

The dangers inheren®: lia high pressure alr systerns, due o compraessl.’
ignitlon, lead to questions about parallel phunomenon iln high prersv:s
oxygen aystems. Raum and his coworkers ilnvestlgated 7500 psi
oxygen systenms, lookirg at effcets of syatem Temperature, vibration
shcck, extendad storage, contaminatich, and materlal compatiblilivy,

In regard to 1gnition, Baw'~/ pecommended "avsolute" cleanliness

from organics, and homogeneous hydrce: dvon onzentrations less than

50 ppm.

In 1961, Kehatcg) sbudied ignition and flame propagatlion as pressus:
up to 1500 vsl using gaseous o.ygen. Usling a 1/B" Gest plpe evenl:
coated nith oll, he used a spark and an electric match to lnduce
fgnitlor. XKehat found no significant daager of ignitlion at con-
, centratlions up vo 1000 mg./TtR of ¢11. Also of lnterest waas Kehat
i technique of evenly coating a small diameter pipe, 1/2", with oll -
namely of dissolving the oli in a solvent, carbon tetrachloride,
I applying the solution te the plr-, and then ailowing the soivent to
evaporate, leaving a thin film of oil behlnd.

e
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A summary of the literature survey is presented in Sccticn 4.2.2
and compared with the recommendatlions of this current test prograr.
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II TEST APPARATUS

Md el BEed

2.1 (Qeneral Description
The basic teat apparatus iz illustrated schematically in Figure 1.

-3

The test apparatus baslcally consisted of a four foot section of 1/7
ineh, schedule 80, monel pipe plugged at one end. The hlgh pressun:
oxygen was supplied from a two tank system. One tank {15 £t cupaci'y}
at 3800 pesig was used to supply the second tank (O ft3) at 3000 psiy
which, in turn, supplisd the test pipe. The instrumentation and

i i eontrol squipment conslsted of flame probes, pressure transducers,
thermocouples, external strain gauges, a 5000 nsl relief valve, a gou
sampling bomdb, a manuslly operated ball valve, a quick opening Marottc
valve, a check valve and a manually operated vent valve. Photograpis
of the test pipe, in place for a run, are shown in Flgures 2, 3, 4,
and 5. A more detalled description of the components is found in
Tatie I.

T}

3

[ SEVOVAN
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A four foot length of plpe was sclected as the optimum length, Thiu
selection is a compromise between the minimum length recommended by
Faeth and Whlte and the physical instrumentation requirements
necessary to measure flame propagation.

This test apparatus was modified slightly during the test prozran
to accommodate o sparking device. This alteratlon consisted of
removing the pressure transducer (Pl) clogsest to the dead end and
replacing 1t with the sparking device. This modification is shown
in Pigure 6.

In additlion to the pipe Just described, another test pipe was used
during the final portion of testing with a minimum of instrumentation
located adjacent to the dead end., Thls second pipe was also a U4 ft,

- “* 1length of 1/2" monel pipe, but it had only two instrumentation taps
S and a vent line. This test set up is shown schematically in Flgure 7.

' Photographs of this test set up are shown in Figures 8 and 9. As can
be seen in the figures a nichrome heating coil was added to the pip: to
give the capabllity of operating at clevated initlal temperatures.

2-1
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LIST OF APPARATUS AND CCHPONENTS

Component

3000 psig oa supply flask
3800 peig O, supply flask
Solenoid valve

Pressure gauge

Check valve

Nipples

Pipe union

Plpe cap

Flame arrestor*

Pipe tee

Test pipe

Rellef valve

Ball valve

Vent valve

Gas sampler bomd
Strain gauges
Pressure tranaducers
Temperature pirobes
Flame probes

Description
9 £t3, MIL-C-1511A

15 £t3, MIL-C-28C9B
Marotta M.V. 173

0 to 10,000 psig scale
3/&"

3/4" pipe, NiCu

1/2", NiCu

1/2", NiCu

1/2" I.P.8. NiCu

3/4" monel

4 £t, Sch, 80, 1/2" Monel
MIL-T-1368 Ty. 1, Cond. 1

5,000 psi relieve pressure
3/4", manual
/4", manuval

See Jscticn 2.2
Li]

1"
4

#The flame arrestor used in Runs A-1 through A-24, Runs D-1
through D-5, and P-36 was made of stainless steel.
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For safety considerations, the test plipe way located in o coneree
test pit and was surrounded by sand bags. The control and lasivi . .ta-
tion read-outs wera located in an adjacent test pit.

2.2 Instrumentation

Instrumentation on the basic test set-up consisted of four flare
probes spaced 12 inches apart; three precsure transducers, 18 jnc o.
apart; four external strain gauges; and three thermocouplug,

18 inches apart. The locations of this Lnstrumentation cen be

seen in the figures presented in the previous section.

In addition to this basic instrumentation, a spariing device wac

used in an attempt to induce ignitions. The lccation of this snamw.ag
device can also be seen in the figures presented in the previous
section. The outputs of the instrumantation probes ware recorded -1
an osoillograph vecorder with a paper speed of 5l inches/sec.

A close-up of a flame probe, a2 thermocouple, and the sparking dev.cu:
is shown in Figure 10; while a photograph of a pressure transduce-.
a stralin gauge installation and the flame arvestor i shown !In
Figure 11.

A blook diagram of the basic instrumentation 1s preseated

in Flgure 12, while a schematic of the scontrol slirenitry

is shown in Flgure 13. A detalled 1ist and description of the ma.jo-
instrumentation components is presented in Table II. The time
sequence in which all the inatrumentation and control circulitry
operated is shown in Plgure 14,

The instrumentation block dlagram (Pigure 12° shows the relations:i)
of the control circuitry and the instrumentatlion probes to the
rcoording device. The rlame probes, the pressure trannduoers, ani

the strain gauges are cnerglzed by the circuitry; signals detecte:

by them are then transmitted to the recorder. The thermocouples,
using an ice water bath as a reference, generate voltages indtleat!iv:
of thelr temparatures and transmit them to the recorder. The spoerkng

2-2
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TABLE II

LIST OF INSTRUMENTATION EQUIPMENT

Description

Chromel/alumel thermocouples
(400 mililseconds response time)

Chromel wire flame probes -
porcelain base with 300 volt
operating potential

(€ 1.7 millisecond response time)

Pressure trangducera -
10,000 lbs/in€, air cooled type
(.05 millisecond response time)

UV light beam osclllograph
recorder - galvonometer
(1.7 millisecond response time)

3 ke. carrier amplifiers for
recorder (15 units)

Modulators for amplifiers
(7 units) (2 milliseconds
response time)

?aclllator power supplles
2 units)

Variable AC Voltege Supply

Displacement Transducer
(< 1.7 millisecond response time)

Potentiometer and Switch
(Auxllllarz temperature
measurcments)

120 OHM Strain Gauges

Manufacturer

Thermoelectric, Inc,

Electrlic Boat Division
(not commercial)

Norwood, Model 102

Consolidated Electrodynamics
Corp. (C.E.C.), Model #124

C.E.C., MOdel #1"‘1133

C.E.C., Model #15-605

co Eoc ) Mﬁl #2-1053

Superior Electrie

Underwater Explosion Research
Division (USN

Leeds & Northrup

Baldwin-Lima-Hamilton




device discharges the electrical energy stored in its caracitons
(Pigure 13B) and this event is tranomitted to the recorder. Trc
potentiometer attached to the stem of the Marotta valve is cnevrsi.cd
by the circuitry and transwits the change in positicn of the valve
to the recorder. The Marotta valve itgelf is activated by the

—r oontrol ciroullry; while time delay reclay ) (TD-1) zad {Td-2) are
activated by the same oircultry and in turn control parts of thi.s

_ eircuitry (PFigure 13).

TR i S D

#»

As seen in Pigure 13A, the cirenitry is actlivated by closing suliuih

§ 8.1 whioh snergizes the indicating light pius the flasher and Lell
- to warn personnel in the areca that a teat 1s in progress. A test
is initiated by closing 83 which activates relay l(1 and TD-1,
Activation of relay K, closes contacts K; _; which keeps itself
astivated without regard to the position of 33.' Activation of TR -l
closes the contacts TD1-l which, in turn, activates TD.2, TD-3, a4
opens the Marotta valve. Activetion of TD-2, after a preset perlind
of time, shuts down the circuitry. Activation of TD-3, after a prauat
period of time, opens contacts TH3-1l, closing the Marotta valve.

The oircuitry of Pigure 13B 1s activated by the closing of TD3-2,
whioch has been closed by TD-3 of Flgure 13A. With the contect
™3-2 closed, TD-5 is actlvated which in turn c¢loses contacts TD5H-1

activat ing Kz. K.‘, clveeo contact Kz-1 uhiich dlscharges the epark.

The 600, Poapacitors are charged by closing switch 8y- Contacis
TN3-3 isolate this circuit while TD-3 is uctivated.




III TEST PROCEDURE

3.1 Preliminary Tests
Before proceeding with ignition tests, it was necessary tc verify
the proposed oil coating technique.

Preliminary tests were conducted to determine vhether the o1l coni'ng
technique selected would be satisfactory. This technique consistad
of dissolving the o1l in a low-bolling, non~-combustible sovlvent Fioon
TF and then applying the resultant solution to the plpe. Upcn
evaporation of the PFreon, a resldual coating of oil was left on the
pipe. In evaluating this technique, a sacrificial section of pip:
was used. After the coating operation, the pipe was cut into cma'l
sections and the amount of oil present on each section wac detormined
by chemlcal analysis. This analysis consisted of removine the ol.
frzsa the pipe segments with a low bolling polnt solvent, then
evaporsting off the eolvent., The czeunt ¢f ¢ll rezoved "rom cach
gegment was then determined cravimetrically.

™in same method of evaluetion was used to dntevrnine the feanibt)’'”:
of other oll coating techniquec as part of the verification. The
other o1l coating tuchn ques evaluated were: a) applying the oil
directly with a circular brush or cwab, D) spraying the oil onto
the pipe, =) zartial removal of a heavy oll coating using a

solvent.

3.2 Test Plan

The test plan included the following areas of investigation:

1) The costing of the test pipe with various concentrations of 2190
oil at amdient temperatures and attumpting a compression ignition
with 3000 psl oxygen; the oll coatings were increased in smll
lncreuvents in concentrations ranging froa 0.08 q/ﬂ:2 to 680 mg/r:2.
2) Placing droplets of 2190 oil near the dead end of the test pipe

3-1
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and attempting a compression ignition with 3000 psl oxygen: tac
size of the oll droplets used ranged from 5 microliters Lfog )
to 90134? . 3) BEmploying the combination of coating tihie tcat
pipe with 2190 o1l and placing a droplot of the oll near the Jeas
end of the pipe, and attempting a compression ignition with 300y
oxygen; oil coating concentrations ranged from 12 y/TLE o 88 o Trn®
while the o0ll 4roplets ranged in stze from 1Q1p? to 1oo‘»? MY o hiee
the test pipe with various concentrations of 2190 oil or of ilateco.’
ocutting oil, using an electrical spark to indwe ignition in a
3000 psi oxygen atmospﬁere, the 2190 o1l concentrations roaged
0.16 mg/Tta to 640 mg/Tt s while the Habeooi concentraiicus =ongc:

from 100 mg/rt to 480 mg/ft 5) Ceating a modificd tcst pipc
{(minimum instrumentation) with various concentrations of 2190 c¢il

and of Habeool cutting oil, and attempting a compression ifgnition .
with 3000 pasi oxygen; the 2190 oLl voncentraticns ranged fron 20 & ./7%
to 480 ng/rtzé xhile *he Habcool concentratlon ranged from 160 d
to 480 mg/ri”.

"J

AT
PR

The 2190 (MIL-%L-17332A) lubricating oll was selocted to be used
during thils teat program because most of the previour invectigaltirc:
of cowmpresaion ignition and flame propagatlion were serformed using
thir lubricating oll. Thus, in order to compare results with “he
earlier work, 2190 was used In this $nvestigation. Hahcool ;#318
cutting ¢il was selected as a typical orgenic cutting oil used in

a machine shop with whieh niping might be cuntaminated during fabr.z.tion

in actual practloe.

oy



3.3 Testing Procedure
In making a test run the following procedure waa used:

1. The test pipe was thoroughly clcaned by use of Freon (TF) ri:ccu
and a lint-free cloth. ‘

2. VWith the instrumentation probes replaced by pluzs, the plpe wac
f£1lled with an oil/“reon solution of a known concentraticn.

3. The oil/Freon solutlion was emptied and the remalnlng Frecn
allowed to evaporeate (15 to 20 minutes was allowed) leaving @
thin, uniform oil f1ilm,

4. fThe instrumentation probes were replaced into thelr prover
positiona.

5. The test plpe was placed "on-line”, putting the flame arrcstor
into position wlthin the unlion.

6. The calibration of the instrumentation was checked as well as
the electrical control circuitry.

7. The position of all hand-operated valves was checcked.
8. The test area was cleared of all personnel end the test was nade.

9. After the run was completed, the eleetrical power was turneg o7°f
and all valves secured.

10. A gac sample was taken for analysis and the teslt plpe was venved
down to ambient presoure,

11. The test plpe was dlasconnected and wan visuelly lnspected.

12. The test pipe and instrumentation proves were thoroughly clecan.:d
in preparation for the next run, ’

3-3



The gas sample at the conclusion of a test was analyzed for cavic.

dioxlde, hydrogen, carbon monoxide, exygen and nitrozen vuing ~as
chromatography.

No attempt was made to replace the alr in the test plpe with pure ¢,
before the rapld pressurization. This inltial air is compressed *o
within 1/4" of the desd end during compression from 18,7 psi to
3000 psi and it was felt that this small amount of nitregen, in

comparison to the amount of oxygen present, would have 2 reglisglbic
effect on the results.

3-4



IV TEST RESULTS

4.1 Preliminaryv Tests

The oll coating tests showed that fthi uolected techniave of
dissolving the oll ia a non.-commistilic solvent, Freon '°, gave the
best results. The oll was evenly coabud onto the surface of the
pipe and the conceontration of o!l co ti:c plpe was proportional

to the concentratica of oll %a the Freo.u. This”fbiatlonahlp is
shown in Table YXYYI. It was alse found to be the best tecnnigue
from an operational point of view - being less prone to technicliun

error and having good reproducibility.

TARLE IIY
OIL COATING CONCENTRATIONS
{1/2" Monel Plpe)

01l Ccncentration 011 Coating un 01l Filnm
in Freon - PPM Pipe - £Le ‘Thicknegs - mfirm 18
5 0.0125 i.2 x 1077
10 0.025 2.4 x J.o‘i‘
100 0.25 ‘ ~.4 x107¢
1000 2.5 0.2
10,000 4.6 2.4
50,000 123.0 12.0
100,000 2h6.90 24,0
200,000 %92.0 48,0
290, V0U ciite T2

4. Ignition Tcot Resu s
e Lusunts o2 tuo Sest soogomm ore nonnanted An the followlng secttdl o,

The significant data ave prescnied \n Jeetion 4.2.1 and Appendix b, wbile
ap iateopretation and discuastion of thuce dota Is found in Sectlon 2.7 .2.

k.o



4.2.1 Data
The parameters measured during esch of the test runs arc pirLsos o
Appendix A, The parameters include: ol.l concentradicn, sailent

temperature, maximum pressure, rate of pressure rise, Inc'tn L. st
flame probe saturation, and strain gauze indfcatlon. The Soioe . s
presented are the maximum temperaturec rucorded. Duc Lo e 1 <. )nd
recponse tiwe of the Ghermocouples, the actvai leosgoeruiires wioovl, 24

are much higher.

It should be notud that at various points thrcughiont ths tes
blank iuns were azde - l.e. rung in vhich no oil wac put lntao L.

teat pipe. These rung werc made to determine The irme hiliscterton o
the various parameters due only to the rapid pirescurizatlon of the
test pipe with oxymgen, and to cerve as 2 check on the instrunensas v,
The results of all the blank runs vere ldentlical, therefwe, thu
results of only one of thege runc is presented.

4.2.2 Correlation and Interpretotion of Results

The first test run with oll zontamination resulted in a viclent
explosion causing extensive damage to the test apparatus. Thig
damage 1s shoun in Pigures 15-Z0, A comparison can be made wlth tic
undamaged test pipe showa in previcus scvetlens.

As can be seen Ln the flgures ¢ two lnch secction of the test niva.
at the inlet end, was disintegrated along with part of the coupling;
one of the pressure probes was dlown out of its fltting; severul of
the electrleal conncctors tv the Lnstrumentation probes were buirne:i;
and the copper "0" ring seals on the two remaining pressure trans.
ducers were blown out., In additlon, the rlame arvestor was dis-
tategrated and the check valve welded closed. Xt should be noted
that for thia run the coupling at the Lnlet end of the test pipe ann
the flarcarrcsbor were both mude of stalinless steel,

After the exploslon, it was felt that the level of o1l contamination.
160 mg/rbz, vwas well into the explesive range and that the testing
ghould be conducted 1In a much iower range of oil concentration.
Subsequent test runs showed, however, zhat levels of oll contarinai-iza
higher than 160 ms/ft2 can vithstand rapld precsurization by pure
oxygen wlthout resulting in an expluslon., These subsequent testa
employed monel snd nickel-copper components only, while the initis
run at 160 mg/?te, which resgulted in an explosion, had a stailnless



steel flame arrcestor. In an attempt to dupllcate the explesive » r.
a stalnless steel flame arrestor was put into the system {Run #-37).
In this run, though the test pipe did not yuoture, there was un
ignition and flame propagation, ns opposed to no indications of
ignition or flame propagetion under the aame conditfons uvsing a ool

flame arrestor (Run F-18),

No completely satisfactory explanatlon of the explosicn $a availabhlce,
but it is significant that no indications of ignition werce obtain.]
with the monel flame arrestor, vhlle very definite indlecations uere
observed with the stainless steel flame arrestor.

As a result of the explosion In the first run, subsequent tests wvere
conducted (Runs A2-A24, F1-F28, F35) by evenly coabing the tusot pipe
with 2190 oll with concentrations of 0.08 mg./ftZ up to 160 mg./rt"
without any indication of ignition. At oll concentratlons betucen
173 mg/ftz and 266 mg./ft2 there were indlcations of ignitlon and
flame propagation on some instrumentaticn probes tut not on othera,
At o1l concentrations above 266 mg./?“g, there werc definite indica
tions of ignition and flame propagation. These reesults can te secn
graphically in Pigure 21.

On the suppositlon that it wac poasible to have sufficient oil in
the test plpe to propagate a flame while not having a high enough
concentration to cause an aute-ignition; a series of runs uere con-
ducted in which 1t was cttempted to induce an ignition. Thus runs
(Runs D1-D14, AD1-AD10) were made with small dropa of oil placed
near the dead end uf the test plipe (thus glving a high local conceu-
tration of oil), 0Ll droplets ranging in slze from 5149 to 10&440
were used alone and incombinptlon with a uniform oil f£ilm ranging

In concentratlons from 12 mg./052 to 88 mg./ft€. In Run D-12, the
gas analysio after the run revealed the precence of Coa, lndlcating
combustion of the oll. However, the other instrumentatlion did nos
conflrm this combustlon, and the resulis could not be duplicated in
subsequent tests at similay or mor- severe conditicns (Runs AD-8 uni

AD-10).
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In the test runs with oll droplets of 704,? or greater, N, wes oo
in the gas after the test run. It is believed that this Hy in a
product of the thermal decomposition of the oll. However, oil ir.r
lets were used only in an attempt to induce ighitlons. ‘nts thuey
failed to do, so the appearance of HE,'though tateresting, was ac.
investigated further. However, two things should be noted in thil:
regard: 1) the occurrence of o1l droplets, 7044 or greater, 'n 2
clean oxygen system is highly unlikely and 2) the H, appeared In
concentrations well below its lower ignition 1limit.

Raving falled to induce lgnition using small droplets of oil, an
attempt was made to induce ignltlon by means of an elecbtricul ospacr:.
A series of runs were made using the spariing device {KRunec 1-%20,
P35, F36). In those runs in which 1gnitions were observed, thoey wonc
of the compression ignition type, and involved oll concentrations
above 160 mg./ft2. The spark did not inltlate any ignitlons nor

affect flame propazation in any way.

Test runs made 1in which the pipe was evenly coated with Habcool ar
70°FP (Runs F29-¥34) indlecated that the no ignitlion range was helc:
about 110 mg./?te, while the iznition range was somewhere above
250 mg./?tz. Comparison of these results with those obtained for
2190 (Figure 21) show Hatcool to be sorewhat more rcactlve,

In an attempt to attain higher temperaturcs from the rapld comnpress:on
with pure oxygen. a serles of tests were run ucing a pipe with a
minimum of instrumentatlion lceatid ad’aecznt to the dead end. Pecute
of the mininua amount of irnctrunentation, 5t was nore difficult €o

get accurate lrdicatliong of ignitlon snd flame propagaticn. Fowe .
from the lnstrumentatlon avallanle, the following results were
obtalned:

A. Using 2190 c¢il at TO°F. tests were run at concentrakions of
80 mg./ft? to 480 mg./rt” {Runs €1-C6). No lgnition was odta’.. -

h.ly




below 160 m;/?t s While the ignitlion range wac found te be i
200 mg/?t These results approximate the results shewn Lb
Pigure 21,

B. Using 2196 o1l heated to 1z5°F, tests were run at conceabraron:
rangling from 160 mg/?t to 480 mg/rt {(Runs ¢€7-011). Tndieat: < a
of ignition were seen at the lowar cenccntration of 100 xg/it
indicating that the level ¢f oil contaninatlion necengory Con
ignition and flame propagatlion are somewhat lover at 125°P Lin -
at TO°F,

C. Using Habcool cutting oll at 70°r, tcs;“ were run at concontritions
ranging from 160 mg/ft% to 480 mg/ft® (Runs €12-C16). Coflnii.
ignitiona were ovbtalned avove 200 mg/th, while the non-ign’t
range 1s somewhere below 160 mg/fta. The non-ignitlon and
ignition ranges arc about the same as those found wuith the
regular test pipe.

D. Using Habcool olil at 125°F, tests wcre »un at concentraticns
ranging from 160 mg/?te to 480 n@VT {(huns CL7-C21). The renuils
from these tests were not dlstinguishable from those at TO°F.

A more guantitative uorrelatlon can be made by plotting the regullinu
% 002’ the maximum recorded temperoture, and maxlnum pressure oht-i:ad
as functions of level of oll concentration. Such plots are shown i
Pigures 22, 23 and 24, It can be seen That these results moteh ¢l
non-ignition, transient, and ignition ranges earlier defined nore
qualitatively.

The carbon dloxide found wes consideri®ly less than would be dletai- 2
with 100% comhustion of the oll. Thic is, aocwever, consistent wi-

the fact that carbon deposits and resfdual cil were found in the o
pipe afcer ignitions, indicating conaideradly less thon complate
combugtlon,

It is poasible Co compere these rasults wlth thcse obltalned by ea»! .ux
investigators. Kehat reports little danger of lgnition in oxyszen
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systems up to 1500 psig at concentrations up to 100U mg/?tz. o
compares to our lower ignitlon limit of 160 «w’:te at 2000 not,
Kehat used a pure compound, n- exadksne, for hi: wowlt, wNLle oo
work was performed with a comxreroial lubricatin: ci”, 2200,
Comparison of the properties of n-hexadecane ard 2130 - «.u.,
molecular weights, auto-ignition temperature - and censiderinl ..
differences in the oxygeny pressures used reveal our regsults toe
in reasonable agreement with Kehat.

o~
A .

It is also possible to compare oiur results with the rmegultis
Wilson et al. Wilson reports the louwer ignition 1imit in hinh’
pressure alr systems at 3000 pslg of 2190 oil to be 1000 mg/?td. ™
_extrapolating these results to pure oxygen at 3000 pclg, 2 lower
ignition 1limit would be approxinately 200 mg./Tta. "his ls 1o 2o
agreement with the current results,

A summary comparison of the current results and those obtadned by
earlier ilnvestigators is presented in the followlng chaxrt:

Lovicr

Investigator Test Gas mest Apparatus 011 Used  Igniticn i.lm'i

. . ~
Kehat 0,, 1500 psi. 1/2" ploe €y otng 1000 myp H5C
Wilson Alr, 3000 psi 1-1/2" plpe 2190 1000 ms, %2
Gordeyev 9, - - 190 mg,c1°
Presti 0,, 3000 pat  1/2" pipe 2190 160 mg/rt 7
Baum 0,5 1500 pst (50 ppm homogeneoua mixture -

reconmended lower limit)



V CONCLUSIONS AND RECOMMENDATICNS

L

‘;&J ,

From the test rasults obtalned the following conclucions con te
drawn for 3000 psl oxygen systems:

1.

2.

Compression ignition and flame propagation will not ccuur
below oil concentrations of 160 mg/?ta at oll tenporatuvres
below 125°F in a 1/2", scliedule £0, monel plpe.

Compression ignitions willi not occur with o:1 droplais or
puddles smaller than 100,1(,? in size.

Habcool cutting o1l was found to be sovenliat nere reactive than
2190.

Present oxygen clcan standards {as specified by Shipyard Strud:rd
Practice 1.9 Rev. P, Oxygen and Hitregen Syateas, paragropn
3.2.3.1d) which require oll film zcnecentratlicas of 0.C13 mg/?ig
or lecs, are much too rigorovs &1nd can he ra2lased. The oil

fiin concontration of 0.012 mg/?tz correspends to obtalniag &
coicentration of 5 pam in a Freon rinse, while 160 mg/?ca
corresponds to 65,000 ppm in Frecn.

It 1s recoamendcd that the allovicble oil 11w concentratlion
specified by the above Shipyard Standard Practice bLe sev at

500 ppm oll aonecntration in a freon rinse. This concentraticn
allowg a cafety foctor of 100 cver the valves at which o!3
igaitiona begin to cecur.

5-1 !




It is felt that such a safety factor more than adequately olilcou:n
for any variation in the lower ignition limit due to voriuticens
in effective pipe lengths below 4 feet which might be forné .o
an actual pressurized oxygen system,

5. To obtain pressure rises greater than 25% requircs oil cuoncer-
trations greater than 500 mg./ft . This can be seen {rexn Flg:ne 2.
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1) 1/ MONEL PIPE

3) FLAME PROBES

3) TEMPERATURE PROBES
4) PRESSURE TRANSDUCERS

TSI _RBJ
FIGURE 2
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$) REUEBF v.LVE

§) GAS SAMDPLE BOMB

7} STRAIN GAUGES

§) MONEL UNION (FLAME ARRESTER INSIDE)




1) 1 T MONEL PIPE

3 FLAME PROUES

N TEMPERATURE PROBES
4) PRESSURE TRANSDUCERS

TEST_RIRE
AGuRE 3

$} RELUIEF VALVE

8) GAS SAMPLE BOMB
1) ETRAIN GAUGES
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9 MAROTTA VALVE
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OXYGEN SUPPLY PIPING

FIGURE 4

9) MAROTTA VALVE

10) CHECK VALVE

11) PRESSURE GAUGE

12) HAND OPERA1MED BALL VALVE




OXYGEN SUPPLY PIPING
FIGURE §

10) CHECK VALVE

11) PRESSURE GAUGE

12) HAND OPERATED BALL VALVE
18) 3000 PSI OXYGEN SUPPLY TANK
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TEST PIPE WITH SPARKING DEVICE

FIGURE 6

1) SPARKING DEVICE

2) FLAME PROBE

3) TEMPERATURE PROBE
4) STRAIN GAUGE

5) VENT LINE
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INSTRUMENTATION PROBES
FIGURE 10

1) SPARKING DEVICE
2) THERMOCOUPLE
3) FLAME PROBE
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IPE COMPONENT
FIGURE 11

T

1) STRAIN GAUGE

2) TERMINAL FOR STRAIN GAUGES

3) HEATING COIL

4) PRESSURE TRANSDUCER
5) FLAME ARRESTOR
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OIL. CONTAMINATION IN OXYGEN SYSTRMS
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. OIL CONTAMINATION IN OXVGEN SVSiRhs:
! SPARK GENERATGR CIRCUIT

- FIGURE 138
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TEST PIPE AFTER EXPLOSION

FIGURE 15

BURNED UNION AND TEST PIPE FITTING

CHARRED, BENT FLAME PROBE

BENT THERMOCOUPLE CONNECTOR

MELTED, EMPTY PRESSURE TRANSDUCER BOSS
DISPLACED STRAIN GAUGE TERMINALS

DISPLACED COPPER O-RING ON PRESSURE TRANSDUCER
RELIEF VALVE




TEST PIPE AFTER EXPLOSION

FIGURE 16
1) MELTED UNION AND TEST PIPE FITTING
2) BROKEN THERMOCOUPLE
3) MELTED, EMPTY PRESSURE BOSS
4) DISPLACED STRAIN GAUGE TERMINAL
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B TEST PIPE AFTER EXPLOSION
FIGURE 17

1) MELTED UNION
2) MELTED TEST PIPE FITTING FRAGMENTS
3) TEST PIPE




PRESSURE TRANSDUCER AFTER EXPLOSION

FIGURE 18

1) PRESSURE TRANSDUCER FITTING




PRESSURE TRANSDUCER AFTER EXPLOSION

FIGURE 19

1) DISPLACED, BENT COPPER O-RING ON PRESSURE TRANSDUCER
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1} MELTED PRESSURE TRANSOUCER BOSS

2) MELTED TEST PIPE FITTING
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