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FOREWORD

This Symposium on Test Methods for Fire Resistance of Hydraulic
Fluids and Lubricants was presented Jan. 26 and 27, 1966 at the ASTM
Committee D-2 Week in New Orleans, La. The symposium was spon-
sored by ASTM Committee D-2 on Petroleum Products and Lubricants
and SAE Committee A-6 on Aecrospace Fluid Power Technology.

A. R. Lansdown, English Ministry of Aviation, was presiding officer
at the first session; R. L. Leslie, Vickers, Inc., presided at the second
session; and R. E. Hatton, Monsanto Co., presided at the third session.
The Symposium Committee consisted of these three with Dr. Hatton
serving as chairman.

During the symposium, a number of motion pictures were shown,
which graphically illustrated various fire resistance test methods. These
movies pointed out the great difficulty of reducing performance in fire
resistance tests to words or to mathematical ratings. The papers include
references to most of the movies shown. However, to complete the
record, brief descriptions of two movies not so included are given here.

S. P. Polack of the U. S. Bursau of Mines presented a film which
demonstrated test methods used in Bureau of Mines Schedule 30, Sub-
chapter E, Part 35 on Fire-Resistant Hydraulic Fluids. Three tests were
included: autogenous-ignition temperature test, temperature-pressurc
spray-ignition test, and test to determine effect of evaporation on flam-
mability (often referred to as the pipe cleaner test). The performances
of two fluids — petroleum oil and a water-oil emulsion — were shown
in each of the tests. In all cases the emulsion-type fluid showed signifi-
cantly better fire-resistance properties.

R. E. Hatton of Monsanto Co. presented a movie showing per-
formance of four types of aircraft hydraulic fluids — hydrocarbon, sili-
cate ester-type, phosphate ester, and halogenated polyaryl — in a simu-
lated hot aircraft brake. The fluid was introduced into an aircraft brake
unit modified so that it could be heated internally by electric heaters.
Fluid was poured into the interior of the brake assembly through a
small hole. Burning on contact with the heated brake and flame propa-
gation characteristics were both determined. The temperature was 850 C
(1560 F); with fluid flow rates of 500 and 2000 ml/min. The four
fluids showed wide differences in fire resistance. The hydrocarbon
burned on contact and carried flame from the brake, the silicate-ester
burned less vigorously but did propagate flame, the phosphate ester
flashed on the drum but did not propagate flame, and the halogenated
polyaryl fumed but did not flash or ignite.
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INTRODUCTION

By R. E. Hatton1

Interest in and use of fire resistant fluids and lubricants
has increased rapidly in recent years. Many questions have
arisen concerning such subjects as the meaning of fire resist-
ance, the methods of assessing fire resistance, the relation of
test data to actual hazards in use and the interrelations be-
tween test methods. The purposes of this symposium were to
make available current data and philosophical thought on these
subjects through presentation of papers by those active in fire
resistant fluid and lubricant development and use. This infor-
mation should be invaluable to those charged with system design,
fluid selection, and study of fire hazards in a wide range of
industry - from the depths of the sea to the wide reaches of
space.

A major reason for this symposium is the widespread differ-
ences of opinion that appear between those active in developing
and using fire resistant fluids. Tests for measuring fire re-
sistance have been developed by a number of groups, the major—
ity of tests being designed to simulate actual applications.
Relations between such simulative tests and interpretation of
data in terms of fundamental combustion phenomena have been
largely ignored. However, use of such empirical simulative
tests has resulted in fluids and lubricants which have demon-
strated reduced fire incidence in actual applications.

For example, aircraft fire resistant hydraulic fluids were

developed to meet aircraft industry requirements, described

in a specification (AMS 3150) written by representatives of the
aircraft industry. Fire tests in this specification were simu-
lative in nature and reflected a philosophy that fire resistance
should be determined under simulative conditions and that re-
sults from a number of tests must be taken together in order to
determine fire resistance. Since all materials will burn under
some conditions, and utility requirements limit fluid selection,
a degree of fire resistance and not fireproofness or nonflamma-
bility is usually obtained. The tests of this specification

1Project manager, Development Dept., Organic Div.,
Monsanto Co., St. Louis, Mo.
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2 FIRE RESISTANCE OF HYDRAULIC FLUIDS

were used to guide the development of fluids which have shown
their utility and safety in aircraft use.

It should be noted that there exists a large number of pro-
posed fire resitance tests which have been developed over a
number of years and are designed to simulate certain conditionms.
As new conditions arise, new tests will be developed to simu-
late these new hazards. Efforts should be devoted to analyzing
hazards and reducing them to as simple and fundamental parame-
ters as possible. Standardizing groups and committee activi-
ties can provide a real service in helping the user by provid-
ing good methods for comparing products and in defining hazards.

This symposium was quite successful and has already gener-
ated a considerable amount of discussion. It is the purpose of
this Special Technical Publication to record for future study,
and as the basis for further discussion, test methods for deter-
mining fire resistance and the philisophies, opinions and ideas
which led to their development.
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AN APPARATUS FOR STUDYING THE FIRE RESISTANCE OF
HYDRAULIC FLUIDS AT ELEVATED PRESSURES

By J. A. Marzani1

ABSTRACT: An apparatus has been developed to study
the spontaneous ignition phenomenon of hydraulic-
type fluids at elevated pressures. Investigations
are conducted at selected conditions of temperature,
pressure, and reactant concentration. The level of
fire resistance is measured in terms of a minimum
reaction temperature and a minimum spontaneous ig-
nition temperature for each set of reaction-con-
trolling parameters. In addition, the closed system
affords a measure of the energy release associated
with the combustion in terms of temperature and
pressure rise. Modifications of the basic apparatus
can be made to study the influence of scaling and
surface effects.

KEY WORDS: fire resistance, fire tests, flammability,
hydraulic fluids

NOTE: The opinions expressed in this paper are those
of the author and do not necessarily reflect

the views of the Navy or the naval service at
large.

Friction and Wear Division, U.S. Navy Marine
Engineering Laboratory, Annapolis, Maryland.

Copyright® 1966 by ASTM International www.astm.org



4 FIRE RESISTANCE OF HYDRAULIC FLUIDS

An apparatus has been developed at the United
States Navy Marine Engineering Laboratory (MEL) in
Annapolis for the investigation of combustion phe-

nomena at elevated pressures. The main area of
interest lies in hydraulic fluids and their base ma-
terials. Some examples are petroleum-base fluids,

phosphate esters, phosphonitrilates, silicones, and
water-base fluids. Among the many properties re-
guired of a good hydraulic fluid, fire resistance is
often of chief concern. The stimulus for this con-
cern is the result of several instances of explo-
sions recorded in hydraulic and pneumatic systems.
Most of the effort expended on investigating com-
bustion in the past has been done at or near atmos-
pheric pressures. Some notable exceptions to this
would be the CFR compression-ignition test (Military
Specification MIL-H-19457) which is also performed
at MEL, the shock tube work such as that done by
Monsanto and others, and the high pressure bomb in-
vestigation of Zabetakis et al at the Bureau of
Mines. In studying the complex combustion processes
of a fluid, it is best to observe the phenomena
under conditions such as might be encountered in an
actual system.

APPROACHES. Compression ignition testing methods,
such as the CFR engine and shock tubes, satisfac-
torily simulate dynamic system hazards. As an ex-
ample, explosions often occur in dead-ended pipe
sections and pressure gages which are subjected to
sudden pressure surdges. Combustion reactions of
this type are associated with high temperatures and
pressures and extremely short ignition delays. How-
ever, explosions may also occur spontaneously in a
system after exposure to lower temperatures and
pressures. Much longer ignition delays are en-
countered in these situations. To study the igni-
tion and pre-ignition reactions for almost the
entire range of ignition delays, a static bomb-type
reactor was used. This approach, similar to that of
Zabetakis, allows control of the critical reaction
parameters of temperature, pressure, and reactant
concentration.
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PRINCIPLE OF OPERATION. The principle of operation
involves subjecting a measured quantity of fluid

sample to selected temperature and pressure con-
ditions and monitoring the reaction. For each con-
dition of pressure and sample concentration, there
is a certain reactor temperature, called the mini-
mum reaction temperature, below which no evidence of
combustion can be detected by the temperature or
pressure transducers. When the reactor is at this
temperature, the reaction rate is sufficient that
the rate of heat generated by the reaction is just
greater than the rate of heat loss by the system.
There is a small temperature rise, but apparently
the depletion of reactants prevents continued ac-
celeration of the reaction. When the reactants are
totally consumed, the temperature falls back to the
control temperature. As the reactor temperature is
increased in subsequent determinations, the reaction
rate also increases, in accordance with the theory
of Arrhenius. When the reactor temperature is in-
creased to the condition called the minimum self-
ignition temperature (MSIT), the reaction rate be-
comes immeasurably fast. The area of positive ig-
nition at and above the minimum self-ignition
temperature presents the greatest danger because
the reaction proceeds with explosive force. How-
ever, the pre-ignition region below this tempera-
ture is also of considerable danger since increas-
ing the quantity of reactants or decreasing the
heat losses would allow the slower pre-ignition re-
actions to propagate into violent reactions.

APPARATUS DETAILS. The apparatus consists essenti-
ally of an injection system and a reaction chamber
(Fig. 1). The two sections are isolated by a quick-
opening needle valve. Means are provided for main-
taining the reaction chamber at a pre-selected con-
trolled temperature and for recording pressure and
temperature in the apparatus both before and after
injection of the sample into the reaction chamber.

INJECTION SYSTEM. The injection system consists
of a sample well and a high pressure air storage
section. A pressure transducer is located in
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this section to reduce cleaning and avoid corrosion
of this expensive component. This location was
shown experimentally to have no discernible effect
on either the response time or the magnitude of the
pressure signal as compared with a pressure trans-
ducer located in the reaction chamber. The total
volume of this injection system is approximately

17 em3.  Without any modification, the sample well
will hold up to 1.5 ml of fluid. The remainder of
this system is charged with air to a pressure suf-
ficient to inject the sample into the reaction cham-
ber when the injection valve is opened. To date
3000 psig has been the pressure most commonly used.

REACTION CHAMBER. The heavy-wall type 304 stainless
steel reaction chamber is approximately 10 in. long
and has an inside diameter of 5/16 in. The total
volume of this section, including the pressure gage,
safety blow-out assembly, and connecting valves and
tubing, is about 35 cm3. The chamber is instru-
mented with three chromel-alumel thermocouples which
are used both to establish the initial conditions
and to monitor the reaction. Three separately con-
trolled heaters are used to establish a uniform
temperature in this reaction chamber. The two end
heaters are necessary to make up the heat losses at
the ends of the chamber and maintain a uniform
temperature profile throughout the chamber (Fig. 2).
The effect of temperature variations in the pre-
heater is less significant because during injection
the fluid passes through this area quickly. Temper-
ature variations at the other end are also negli-
gible because this area is generally outside the
reaction site. Reactions are usually observed in
the areas of thermocouples 1 and 2 (nearest the
point of injection), and extend to thermocouple 3

as the injection delay increases. The pressure in
this section has been 2000 psig for most of the ex-
periments.

PROCEDURE. With the chamber at the desired tempera-
ture and pressure, a measured amount of sample is
introduced into the sample well, and the injection
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system is pressurized. With the recorder operating,
the valve is opened and the sample is injected into
the chamber. Temperature and pressure traces simi-
lar to those in Fig. 3 are recorded on an oscillo-
graph, after proper signal conditioning. Equili-
bration of pressure takes place in approximately 60
msec after sSample injection, in the absence of re-
action.

OBSERVATIONS. Any increase of temperature or pres-
sure above the steady-state conditions is taken as
evidence that combustion has occurred. The ignition
delay is defined, overall, as the time lapse between
injection and the maximum temperature attained during
the run. This delay definition approaches that gen-
erally accepted for explosive reactions in which the
delay is measured from injection to the first rapid
rise or "kick” in the recorded temperature or pres-
sure signals. The equality in definitions arises
from the fact that in very fast reaction rates as-
sociated with explosive reactions, the time from in-
jection to the first "kick" or to the peak signal is
essentially the same.

DISCUSSION. In each case where rapid transients
occur, such as injection and ignition, the thermo-
couple response will invariably lag the pressure
transducer response. At conditions of high tempera-
tures and short ignition delays, the error intro-
duced by thermocouple lag and the non-homogeneity of
the reaction as seen at the different thermocouple
locations can be significant. This error can be
eliminated by observing the pressure signal for
these conditions. With long delays which exemplify
slow reaction rates, the pressure rise and pressure-
rise rate are too small to detect accurately; temper-
ature indications, therefore, are used in this bor-
derline area. The response of the thermocouple is
sufficient to follow these slower reactions with no
significant error. 1In addition, since the thermo-
couple is located in the reaction zone, it is very
sensitive to small changes which result from the
slow reactions.
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Fig. 4 shows the corresponding pressure and
temperature traces, side by side, for a range of
reactor starting temperature (Tn) for one pressure
and one sample size. Although these traces are
typical, not all fluids react in such an orderly
manner. In particular, the effect of temperature on
the pressure rise is greatly influenced by the sam-
ple size and the concentration gradients present at
the time of ignition. This may result in a succes-
sion of low pressure peaks at the higher tempera-
tures and the greatest pressure peaks occurring at
the middle or lower end of the temperature range.

Some fluids produce double ignitions, even at
long ignition delays. Others produce self-ignitions
after delays in excess of 100 sec without giving any
evidence of pre-ignition. However, a most consist-
ent relationship does exist between temperature and
ignition delay. Fig. 5 shows a plot of temperature
versus ignition delay at one pressure and sample
size for two fluids, a triaryl phosphate and a fluo-
rinated phosphonitrilate (tetrameric octafluoroamyl
phosphonitrilate). It is interesting to note that
both fluids reach a horizontal asymptote in approxi-
mately 20 sec, showing a limit for positive igni-
tions (where temperature and pressure "kick" occur)
called a minimum self-ignition temperature (MSIT).

A test only 7 F lower than this level produced no
evidence of combustion for the phosphonitrilate.

As may be seen in Fig. 6, the triaryl phosphate
continued to show exothermic reactions at con-
ditions as much as 120 F lower. This second hori-
zontal asymptote would represent a minimum reaction
temperature. It therefore appears that for the
phosphonitrilate the minimum self-ignition tempera-
ture and the minimum reaction temperature are ap-
proximately equal. For some fluids these two
critical temperatures can be considerably affected
by the reactant concentration. Higher concen-
trations generally lead to lower values. This is
probably because of the higher energy released

from reactions involving larger amounts of ma-
terial. The Sample concentration has more
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effect on minimum self-ignition temperature than on
the minimum reaction temperature.

The concentration of reactants (sample size) also
affects the delay period before ignition (or re-
action). The effect of sample size on ignition
delay resembles Fig. 7. Other factors being equal,
the delay varies inversely with the temperature. The
sample size appears more critical at the lower
temperatures with a gradual shift of the optimum
concentration for minimum ignition delay toward the
rich limits. Care must be taken in studying a fluid
to be certain that the concentration used is suffi-
cient to react at temperatures near the minimum re-
action temperature, Tg. For example, if a constant
stoichiometric volume were used, the apparent mini-
mum reaction temperature would be between T, and T3,
a value possibly too far from Tg to have significant
meaning.

It has been mentioned that pressure is an im-
portant parameter in defining the fire resistance of
a fluid. Fig. 8 shows the detrimental effect of
pressure on the fire resistance of a triaryl phos-
phate hydraulic fluid and the experimental fluo-
rinated phosphonitrilate. Ignition values obtained
at atmospheric pressure, using ASTM D-2155-63T test
procedure, are compared to those values obtained in
the high pressure reactor at 2400 psig. The ex-
plosion hazard is increased not only by the reduced
fire resistance of the fluid at pressure but also by
the inability of the system to contain the pressure
increase from the combustion reactions. The magni-
tude of this pressure rise depends of course on the
amount of reactants present, the reaction rate, and
the geometry of the system.

In the combustion apparatus, the pressure rise is
a measure of the energy released. For the more
rapid reactions which go to completion, this value
can be compared directly with the heat of combus-
tion. This has been shown in experiments with
hexane. In the case of commercial hydraulic fluids,
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such a comparison is usually complicated by the
physical and chemical complexities of the reactions.
However, a relative rating on the reactivity of
fluids can be obtained.

Fig. 9 shows the effect of pressure on the ig-
nition delay and the MSIT of a triaryl phosphate
hydraulic fluid in the combustion apparatus. It
should be noted from the figure that the tempera-
ture required for an ignition delay of 4 sec is
lowered approximately 80 F, and the MSIT of the
fluid is lowered approximately 45 F by increasing
the equilibrium pressure from 1700 to 3300 psig.

A similar apparatus is used to investigate the
influence of larger reaction chamber diameters.
The apparatus modifications for this purpose are
primarily for safe adaptation to diameters of 1 and
2 in. In general, the reactions in larger diameter
reactors are more complete and more violent. In-
creasing the diameter may result in an apparent in-
crease or decrease in the fire resistance, depending
upon the fluid, for comparable pressures and sample
concentrations. The study into the effect of diam-
eter on the ignition level is continuing. The
larger chamber has the advantage of using liners
which enable safe studies into the surface effects
of different metals.

SUMMARY. The preceding discussion has centered pri-
marily upon an apparatus and the presentation and
analysis of its data. It is a new tool and much is
still being learned. Improvements can still be made,
but it does afford insight now into the combustion
phenomena under conditions where they occur. Work
is proceeding in two directions simultaneously.
Fluids are being studied in a screening process on

a relative basis to establish which are more prom-
ising. The more fire-resistant fluids are then
looked at in greater detail. In the other direc-
tion research is being conducted into the mechanisms
and effects of the controlling parameters. Such con-
ditions as temperature, pressure, sample concentra-
tion, ignition delay, system geometry, and surface
catalysis are being studied.
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1--Combustion Apparatus.

Fig.
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FLUID TEST METHOD
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HYDRAULIC FLUID CLOSED COMPARTMENT FIRE TESTS

By K. A, Kander1

ABSTRACT: A Closed Compartment Fire Test for evaluating fire
resistance of hydraulic fluids in advanced supersonic aircraft
is discussed. This test simulates leakage in proximity to
heated aircraft skin at temperatures up to 550°F, both with and
without simultaneous electrical arcing. The response to an
electrical arc (time to initiate fire), size of fire, intensity
of fire, flame propagation, and duration of fire after removal
of arc are observed during each test, Simulative flammability
tests of this type are required, since conventional: hot manifold
drip and spray tests do not always predict fluid flammability
within the confines of a heated, closed compartment.

KEY WORDS: fire resistance, flammability, hydraulic fluids,
fire tests, spray flammability test

The supersonic transport presents new problems for the
hydraulics engineer, not the least of which is fluid leakage in
a heated, closed compartment with electrical arcing as a pos~
sible source of ignition. The Federal Aviation Agency
emphasizes the importance of considering such fire hazards in
the following statement from its Supersonic Transport Request
Proposal:

"The design shall incorporate features to minimize the
possibility of inflight and ground fires or explosions and
shall provide means to detect and control these hazards should
they occur. Factors to be considered are high-temperature in-
duced environment, auto-ignition, lightning, electrostatic
potential, inerting, location and character of potential fire
zones, detection and extinguishing system requirements."

Although leakage can be reduced through the extensive use of
permanent plumbing connections, improved reconnectable fittings,
and manifolding components, leakage possibilities still exist;
hence, serious consideration must be given to flammability in
the selection of an SST hydraulic fluid.

The flash, fire, and auto-ignition temperatures of a fluid,
and the results of spray and drip hot-manifold tests do not
necessarily predict the fire hazard resulting from leakage in a

lAirplane Division, The Boeing Company, Renton, Washington

Copyright® 1966 by ASTM International WWW.astm.org
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closed compartment. To compare the flammability of candidate
fluids under this condition, The Boeing Company devised the
closed-compartment fire test. For proprietary reasons, this
paper does not discuss specific test results.

Test Setup and Procedures

A series of tests was conducted to determine the fire
resistance of SST candidate hydraulic fluids under realistic
fire hazard conditions. A hot-manifold drip test and a hot-
manifold spray test simulated fluid leakage in proximity to
heated surfaces such as brakes or hot ducts. The closed-com-
partment spray test discussed in this paper simulated the
leakage of hot fluid in a heated compartment in the presence of
intermittent electrical arcing.

The test setup is shown as a schematic diagram in Fig. 1. A
titanium duct 12 in. in diameter by 12 in. long, containing an
electrode centered along the axis of the duct, is placed in a
36 ft3 oven together with a stainless steel tubing coil and a
60 deg, 1 gal/hr fuel nozzle. A distance of 9 in. from the
nozzle to the entrance of the duct produces a well-dispersed
spray at 1000 psi. A solenoid valve, located in the supply
line between an accumulator and the oven, is used to control
spray-time intervals. The oven top is ajar approximately 1/L
in. during testing, and a 3/L in. drain hole in the oven floor
is open to provide explosion relief and to permit some air to
enter after the initial buildup and release of pressure.

Figure 2 is a photograph of the oven, and Fig. 3 is a photo-
graph of the installation inside the oven with the electrode and
duct displaced from their normal positions for photographic
purposes.

Closed-compartment spray tests of each candidate fluid are
conducted at sea level ambient pressure with fluid and oven
stabilized temperatures of both L50°and 550°F. The test
sequence is as follows:

1. Spray for 2 sec without arc.

2., If no ignition occurs, resume spraying and simultaneously
introduce electrical arc of approximately 1/2 sec duration to
observe response to arc.

3. Ventilate chamber and stabilize at desired temperature,
then initiate simultaneous spray and electrical arc until igni-
tion occurs. After ignition, shut off electrical arc and con-
tinue spray until observations of fire size, intensity, propa-
gation, and sustaining characteristics are made.

L., Ventilate chamber and stabilize at desired temperature,
then initiate spray. At time intervals selected to produce
various concentrations of atomized fluid in chamber, introduce
arc to investigate explosive characteristics.

During each test, color motion pictures are taken through
the oven window and the following data are obtained:
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Response to arc (time to initiate fire)

Size of fire

Intensity of fire including explosive characteristics
Propagation of flame from arc to nozzle

Time of burning after removal of arc
method of evaluating such data is discussed later under
"Evaluating Test Results."

Since this is a comparative rather than an absolute test,
and since data are obtained by visual means, at least one
repetition of the entire test for each fluid is recommended.
Where erratic, non-repeatable data are obtained, additional
testing is required to obtain a reasonable level of confidence.
Of 17 fluids tested to date, only two required more than two
complete tests to reach this level of confidence.

A more closely controlled means of obtaining the explosive
characteristics of fluids is now under investigation with the
present test equipment. Spray characteristics, nozzle orifice
size, distance from nozzle to arc, and measured spray times
before introduction of the arc will be varied to account for
differences in fluid density and fluid viscosity as well as the
fuel/air ratios required for accelerated burning.

>0 O O 0O O

Belection of Test Parameters

Reproducing all of the anticipated fire hazard conditions
associated with hydraulic fluid in a supersonic transport would
be prohibitive in terms of cost and time. To provide compara-
tive data on fluid flammability in a closed compartment at a
reasonable cost and in the time available, the following test
parameters were established:

o Volume of Test Chamber - 36 ft3

This volume is representative of an equipment compartment.

A chamber of this size was readily available, together with in-
corporated temperature controls.

o Ambient Pressure - Sea Level

The presence of the maximum amount of oOxygen is a conserv-
ative approach. However, ignition in the presence of an arc can
occur at any altitude, and during rapid descent, the structure
will retain heat. In the event of a structural failure, with
resultant venting of a compartiment, pressure buildup due to ram
air could approximate that of sea level.

o Static Air (No Convection)

Static air conditions were maintained to evaluate
explosive hazards caused by a buildup of vapors.

o Stabilized Temperature Levels L50°and 550F

These temperature levels bracket the skin temperatures of
a Mach 2.7 supersonic transport and provide fluid selection
information for higher speed aircraft.

o Nozzle Configuration 60 deg Spray Cone, 1 gal/hr Fuel
Nozzle

This nozzle provides & wide dispersal of finely-divided
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particles for evaluating explosive hazards.

o Nozzle Pressure - 1000 psi

A nozzle pressure of 1000 psi was selected to obtain
maximum dispersal and to eliminate any possible increase in
spontaneous ignition temperatures that might occur at lower
pressur?s as noted in a previous WADC-Bureau of Mines Test
Report 1), No discernable difference in ignition character-
istics was noted when Boeing tests were originally conducted at
200 psi.

o Distance Nozzle to Arc - 9 In.

This distance was selected by trial to give a well-
dispersed spray into the titanium duct.

o Duct Material - Titanium

The duct material on which the spray impinges is of
titanium, since this is the metal chosen for the SST structure.

o Time Intervals for Spraying and Arcing

The time intervals described in the test procedures were
selected by trial at the start of the program to obtain a wide
variety of flammability data and to investigate explosive
hazards.

Evaluating Test Re sults

A fire resistance value for each fluid tested in the closed-
compartment fire test may be obtained by utilizing the test data
and by making certain assumptions in assigning values to each
criterion.

A method of deriving a weighted fire resistance factor (K;)
for the closed compartment test is as follows:

a. Response to Arc:

Immediate (< 0.5 sec) = 15
Delayed (> 0.5 sec) = O

b. Size of Fire:

Confined (Does Not Envelop Duct)
Envelops Duct
c. Intensity of Resultant Fire:

won
[
O

Explosive = L0
Flickering = O
d. Fire Propagation:
Back to Nozzle = 15
Localized at End of Duct = O

e. Burning after Removal of Arc:
>5sec = 15
O sec = 0
The above values assigned are upper and lower limits for each
test; intermediate values may be obtained by observation during
tests.

(1) wADC Technical Report No. 52-35, Supplement L, Dated
January 1956, "Research on the Flammability Character-
istics of Aircraft Fuels,'" by M. G. Zabetakis of U.S.
Bureau of Mines.
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Kc = £ a, b, c, d, e

The lower the factor, the higher the fire resistance. This
approach is primarily a tool for comparing fluids and cannot in
itself be used as an absolute measure of fire resistance. A
fluid may be rejected for any single unacceptable property or
performance characteristic, even though its calculated fire
resistance value is good. For example, a fluid that ignites at
550F without an arc or explodes when finally ignited would be
rejected for use in a supersonic transport.

Seventeen fluids have been subjected to closed-compartment
fire tests to date. Some general observations may be made:

o All fluids ignited in the presence of an arc.

o There was a large variation in flame propagation and
intensity between fluids.

o The only variation obtained in spraying at 200 and 1000
psi was the flame size due primarily to the difference in ex-
pelled fluid volume for a given time.

The results of other tests such as flash, fire, auto-
ignition, and hot manifold tests also performed by Boeing to
assess fire resistance do not necessarily correlate with the
results of the closed-compartment fire test. As an example,
the following table lists the relative grouping of 3 fluids in
the above tests, with 17 fluids tested.

RELATIVE RATING - 17 FLUIDS TESTED

Fire Fire Fire

Auto- Resis- Resis- Resis~

Igni- tance tance tance
Flash Fire tion In Spray In Drip In Closed
Point Point Temper- Hot Mani- Hot Mani- Compart-
Fluid Deg F Deg F ature fold Test fold Test ment Test
A Low Low Low Good Poor Extremely

Poor

B Low Low Low Good Poor Fair

C Low Medium Medium Good Medium Good

Conclusions

o Tests of the type described in this paper are necessary to
predict fluid flammability in a closed compartment.

o The closed-compartment fire test, as now constituted,
depends upon visual observation rather than precise instrumen-
tation. However, data sufficient to compare the flammability of
fluids are obtained. Other tests, such as hot-manifold drip and
spray tests, must be used to evaluate flammability under other
aircraft operating conditions.

o There is a need for more basic research in fluid flamma-
bility with closely controlled test parameters and accurate
measurements of results. Such research efforts could be
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performed in a smaller chamber and could therefore more accu-
rately control test parameters such as fuel/air ratios, spray
dispersal, spray pressures, etc. Studies of this nature would
relate variations in test parameters with measured flammability.

o To our knowledge, no test program will predict fluid
flammability under all operating conditions with absolute accu-
racy. However, simulative laboratory flammability tests such
as the closed-compartment fire test are required in the selec-
tion of a suitable hydraulic fluid.
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Fig. 3 INSTALLATION INSIDE OVEN
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A SIMPLIFIED SPRAY-FLAMMABILITY TEST FOR
HYDRAULIC FLUIDS

1 2

By H. H. Rowand, Jr.~ and L. B. Sargent, Jr.

ABSTRACT: Hydraulic lines are known to rupture
permitting a stream or spray of hydraulic £fluid to
encounter the flame of burning fuels or the surface
of hot or molten metal. This is a prevalent cause
of fires in many industries. High-pressure spray-
flammability tests simulate this type of industrial
hazard and are able to distinguish the difference in
fire resistance among the various kinds of hydraulic
fluids.

The available high-pressure spray tests are incon-
venient to use, however, since they usually must be
done outdoors where they are subject to the vagaries
of the weather. If done indoors, the tests must. be
performed in specially assembled fireproof areas.

In addition, relatively large volumes of test fluids
are needed, and the high-pressure pump, motor, and
auxiliary equipment can become costly.

A low-pressure spray-flammability test that can be
conducted safely in a conventional laboratory hood
is described. The equipment required is simple and
inexpensive and only limited amounts of fluid and
fuel are needed. The flame from a laboratory gas-—
air burner serves as the source of ignition. The
data obtained correlate very well with those from a
conventional high-pressure spray-flammability
apparatus. Results from both kinds of tests eval-
uating the several types of fire-resistant hydraulic

lResearch Engineer, Lubricants Div.,Alcoa Research
Labs., Aluminum Co. of America, New Kensington,Pa.

2Chief, Lubricants Div., Alcoa Research Labs.,
Aluminum Co. of America, New Kensington, Pa.

Copyright© 1966 by ASTM International WWW.astm.org



ROWAND AND SARGENT ON A SPRAY-FLAMMABILITY TEST 29

fluids are presented in tabular and pictorial forms.

A variety of test conditions is not available with
the new method described, but the conditions are
chosen so that they simulate practical industrial
situations and provide correlation with other
flammability tests at a sufficient confidence level.

KEY WORDS: hydraulic fluids, fire resistance,
flammability, ignition, fire tests, flame

A prevalent cause of industrial fires is a rupture
in a pressurized hydraulic line where the escaping
fluid contacts a flame or a hot surface. An obvious
solution to this problem is to use a hydraulic fluid
that will not ignite under those circumstances.

Like many things, however, "flammability" is a
relative term and must be measured in order to
assess its value. Many kinds of fire-resistant
fluids of varying degrees of flammability have
reached the market place in recent years, and it has
become necessary to test them in order to ascertain
their value to industry.

There are many requirements for hydraulic fluids,
but this paper is concerned only with their ability,
when in the form of a spray, to resist ignition upon
contact with a flame. Several high- and low-~-
pressure tests for evaluating spray flammability
have been used and described®~®. These tests are
discriminating and useful and have served a definite
purpose in helping to supply fluids of satisfactory
fire resistance to industry.

3SAE Specification, AMS-3150B.

4y. S. Government Specification, MIL-F-7100.

Su. S. Federal Test Method 791 (Tentative Standard
6052T) .

®4. H. Rowand, Jr., "A Spray Flammability Test for
Hydraulic Fluids," Symposium on Hydraulic Fluids,
ASTM STP 267, Am. Soc. Testing Mats., 1959, p. 50.
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These referenced tests, however, are inconvenient
to use since they must be performed outdoors or in
specially assembled indoor fireproof areas. If done
outdoors, they are subject to the uncertainty of the
weather and the smoke and fumes can annoy neighbors.
In addition, relatively large volumes of test fluids
are needed, and the equipment that is necessary can
be bulky and costly. Because of the testing condi-
tions, these methods can be dangerous to personnel
and buildings.

These factors, and our need for a relatively safe,
guick, and convenient indoor test for evaluating
fire resistance of hydraulic fluids, caused a search
to be made for such a method, which culminated in
the test described in this paper. The conditions of
the test allow it to be performed in a laboratory
hood.

Apparatus

The heart of this new, simplified, sprav-
flammability test is an airless paint spray gun
(Fig. 1), which is a simple, inexpensive mechanism
that pumps the test fluid onto a disk rotating at
15,000 rpm. The disk propels the fluid in the form
of small droplets through a regulated slot in the
side of the gun. A well-defined, flat, atomized
spray pattern is provided in which overspray is
reduced to a minimum, since air and high pressures
are not involved. The only utility supply needed
for the gun is a 115v ac electric current.

7

The atomized spray produced by this gun simulates
the type of discharge which is produced when a small
rupture occurs in a pressurized hydraulic line. The
adjustments needed to produce this spray are simple
and more convenient than those needed to produce a

"Model 2300 manufactured by Electro Engineering
Products Co., Inc., Chicago, Ill., or Rogers
Rotary manufactured by Napco, Inc., Cleveland,
Ohio.
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suitable spray pattern in the ordinary high-pressure
flammability tests.

The source of ignition is a glass blower's torch,
using a natural gas-air mixture adjusted to provide
a "lazy" yellow flame. Any other source of this
kind of flame can be used in place of the glass
blower's torch.

This apparatus should be set up in a laboratory
hood with a normal draft to carry away any smoke or
fumes generated during the test.

Procedure

The flame is positioned in front of the gun slot
opening at a distance of 4 in. so that the spray
hits the flame about 1 in. away from the end of the
burner. The gate opening on the gun is adjusted to
1/4 in. and the volume adjustment is slightly
onened. About 500 ml of the test fluid are pre-
heated to 150 F and then poured into the gun reser-
voir (only about 25 ml of fluid are actually used
per test).

The burner is ignited and the gun turned on.
Almost immediately an assessment of the degree of
flammability of the test fluid is obtained.

The tests described here were carried out in a
metal laboratory hood (5 ft wide by 3 ft deep by
3 ft high) with a conventional exhaust system.
Excess fluid that does not burn or vaporize impinges
on a metal sheet and drains into a metal pan, from
which it may be disposed. At times, the flame of
burning hydraulic fluid will extend to this metal
sheet and tause the fluid adhering to it to burn.

Results

The degree of flammability of a fluid under the
conditions of this test can best be described by the
following terms:
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1. Violent fire - where the entire spray
pattern ignites and burns vigorously.

2. Spasmodic fire - where the fluid ignites
sporadically and each ignition extinguishes
itself almost immediately.

3. Fire at torch -~ where the fluid burns in
the area of the flame only.

4, No fire -~ absolutely no indication of
ignition.

Fig. 1 illustrates the apparatus and the type of
flame used.

Fig. 2 illustrates the violent fire obtained when
a mineral oil hydraulic fluid of about 300 SSU/100 F
is tested. Fluids of this type ignite immediately
and burn vigorously throughout the spray pattern, as
shown.

Certain synthetic nonacgueous fluids of the phos-
phate ester type produce a "fire at torch" result
which is illustrated by Fig. 3.

The water-in-oil (invert) emulsions ignite almost
as readily as do mineral oils and produce fires of
about the same degree of violence (Fig. 4). At the
other extreme, no fires have been obtained with a
number of water-glycol hydraulic fluids (Fig. 5).

The spasmodic fire is illustrated in Fig. 6 and is
difficult to depict in a still photograph because of
the fleeting and unpredictable ignitions. This type
of ignition is observed with certain fluids such as
rhosphate esters, as shown in Table 1.

The results obtained with the authors' test on the
reference fluids distributed by Committee N, Section
VI, of ASTM Committee D-2, are shown in Table 2.
These results correlate well with those from other
fire-resistance tests and from our knowledge of the
composition of the fluids.

The atomized spray emitted by the new apparatus
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has made it possible to show differences in the
flammability characteristics of fluids which could
not be detected with high-velocity, high-density,
straight-stream sprays. Because of the small volume
of test fluid used in this new tool, the smoke and
fumes produced are considerably smaller in volume
than those produced in the referenced tests.

Previous to the development of this test, fire
resistance of hydraulic fluids was evaluated in
these laboratories by a much more sophisticated,
outdoor, spray-flammability test method described by
Rowand®. Correlation between the previous method
and the present simpler one is good, as can be
inferred from the results shown in Table ], The
selected illustrative results cover the several typves
of hydraulic fluids being marketed.

Discussion

Combustible fluids can be ignited by several
different methods. The test described considers
only the ignition of a fluid spray precipitated by a
burning fuel. While the results obtained are
indicative of the fire-resistance level of the fluid
evaluated, they should not be considered as a final
rating of the fluids because other sources of igni-
tion, such as an electric arc, probably would rate
them differently.

The test is a simplified one, cavable of consider-
ing only limited variation in the several parameters
involved, and cannot detect subtle differences in
fire-resistance of fluids. It has a useful purvose,
however, as a "go - no go" type of test and has
correlated very well with experience. It will
separate the "safe" fluids from the cuestionable
ones for those users desiring a high margin of
safety.

6. H. Rowand, Jr., "A Spray Flammability Test for
Hydraulic Fluids," Symposium on Hydraulic Fluids,
ASTM STP 267, Am. Soc. Testing Mats., 1959, p. 50.
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No consideration is given to other aspects of
hydraulic fluids under conditions of potential igni-
tion, such as the generation of fumes or smoke, as
the test is concerned only with the guestion of
flame ignition.

Conclusion

A simplified spray-flammability test which can be
conducted in a conventional laboratory hood is des-
cribed. It uses a small amount of test fluid, a
commonly available flame burner, and a simple and
economical spray generating device. Results from
this test on a variety of commercial hydraulic
fluids are presented and show good correlation with
results on the same fluids from a more sophisticated,
high~-pressure spray-flammability test method.

Because of the limited variation of test variables
which can be examined by this method, it cannot
detect subtle differences in fire resistance of
fluids, nor can it evaluate the fire resistance of
fluids under a number of test conditions. It can
discriminate among commercially available fluids and
detect those that present potential fire hazards and
those that can be considered safe in industrial
usage where potential hydraulic line ruptures allow
the escaping fluid spray to contact an open flame.
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Table 1--Fire resistance of hydraulic fluids
as measured by spray-flammability tests.

35

Type

Flammability

Low Pressure
a
Spray

High Pressure
Spra

Mineral oil

Phosphate
ester base

Phosphate
ester base

Phosphate
ester base
and mineral

oil

Phosphate
ester

Phosphate
ester

Water-glycol
Water-glycol

Invert
emulsion

Violent fire

Fire at torch

Fire at torch

Violent fire

Spasmodic fire

Spasmodic fire

No fire
No fire

Violent fire

Violent fire

Fire at torch

Fire at torch

Violent fire

Spasmodic fire

Spasmodic fire

No fire
No fire

Violent fire

Qpresent method - Rowand and Sargent,

bPrior method - Rowand6.
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Table 2 ~-Flammability results on reference
fluids from Committee N, Section VI, ASTM
Committee D-2, with the simplified spray test.

Fluid Results
1-A-1 Violent fire
2-B-2 No fire

3-C-1 Spasmodic fire
4-D-2 Fire at torch
5-D-1 Fire at torch

6-B-3 Violent fire
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Fig. 1 -- Spray Flammability Test Apparatus.

Fig. 2 -- Violent Fire - Mineral 0il.
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Fig. 4 -- Violent Fire - Invert Emulsion.
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Fig. 5 -- No Fire ~ Water-Glycol .

Fig. 6 -- Spasmodic Fire -~ Phosphate Ester,



STP406-EB/Nov. 1966
40  FIRE RESISTANCE OF HYDRAULIC FLUIDS

COMMENTS ON AIRCRAFT FLUID FIRE HAZARD ASSESSMENT
By R. S. McCordI

AGSTRACT: Tests for assessing the fire hazard from hydraulic
fluids, coolants and lubricants in aircraft have been evalu-
ated in light of the new hot wing compartment condition to be
encountered in future supersonic transport aircraft (SST's).
Existing flammability tests for subsonic aircraft report
inception of visible flame while SST's require tests reporting
excessive temperature, or pressure rise as the evidence of
tlammability. The large number of environment variables
affecting flammability prevent certain extrapolation of a
fluid's hazard rating from a test procedure fto actual con-
ditions of use. Flammability is thought to be more a con-
dition of environment than a material property.

KEY WORDS: fire resistance, flammability, hydraulic fluids,
supersonic transports, fire tests

Our work to date at the Doualas Aircraft Company in assess-
ing the probable hazard associated with the use of various
functional fluids in supersonic aircraft might be gravely
misleading if presented in an incomplete state at this time.
Our objective was and still is to produce aircraft hydraulic
systems, both subsonic and trans-sonic, which will have zero
total fire hazard. In connection with the forthcoming super-
sonic transports (SST's), we first examined performance of the
various subsonic hydraulic systems and the properties of their
fluids.

The meaning of the subsonic fluid flammability fest methods
of ASTM, of SAE specification AMS 3150C, and the MIL-F-7100
incendiary qun fire test method, fogether with the performance
records in both these {aboratory tests and in actual service
ot all past tiuids were then re-examined. The hydraulic fluids
included the original castor oil base types, the oid AAF 3580
petroleum ojl, MIL--5605 petroleum oils, the MI|L-H-8446 syn-
thetic siloxane high ftemperature fluid, MIL-F-7083 water
base fluids used as late as the Korean War, and the present
commercial jeT aircraft, phosphate ester type hydrautic fluids.

Project Engineer, Louqlas Aircraft Co., Santa Monica, Calif.

Copyright© 1966 by ASTM International WWW.astm.org
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For the last two fluid types, which were developed in the
1940's using the test procedures just listed and were the only
products making any claim to fire resistance, no fires were
found in service. Apparently for the types of ignition we
have in subsonic aircraft, these early fire test methods are
adequate, perhaps more than adequate.

The next step was to define what additional ignition
sources would exist in future trans-sonic aircraft desiqns
and add these new test requirements to those used previously
in developing fire-safe hydraulic fluids. Immediately it was
found that the Mach 3 design of commercial supersonic transport
aircraft probably would be the most severe case in terms of
need for a fire-resistant hydraulic filuid. Aircraft designs
for speeds higher than Mach 3 might actually have a lower total
fire hazard. Total fire hazard, which we consider to be the
product of a fluid's flammability rating, times the deqree of
exposure to ignitfion sources, times the value of the mission
under consideration, was highest for the Mach 5 design. Beyond
that, the Mach 7 and Mach |5 aircraft dwelt within the ecarth's
atmosphere such a short time per flight that their temperature
and ignition problems actually decreased and the total fire
hazard was no worse than the Mach 3 case.

It was also found that the principal difference between The
old subsonic design case and the Mach 3 case was the possi-
bility of accidental hydraulic sprays or mists occurring
within hot, relatively unventitated compartments such as in
the leading edge of @ wing and then reacting to produce a
temperature and pressure rise. Normal ambient temperatures in
the wing would be in the 450 to 550F range. Fluid temperature
probably would be 450f. Catalytic surfaces available To
initiate combustion reactions certainly would include titanium,
cobalt, and high chromium and nickel alloys. Ventilation rate
would be verv small but not zero. During a rapid descent the
high temperatures might exist simultaneousty with almost sca
level air pressure.. There was uncertainty whether designers
could completely exclude the possibility of open electric arcs
occurring simultaneously.

Hence, we considered the worst case where arcs did occur.
Also it was clear that as the designed operating temperature
in aircraft wings rose, perhaps eventually reaching the
condition where a wing would be designed to operate normally
in a glowing red condition, the reporting of visual flame as
a criterion of flammability becomes less and less meaningful.
Since our new Mach 3 supersonic transport's winis can not "see"
but can react to higher temperature or pressure or to a
corrosive atmosphere we changed our thinking and used only a
sudden rise of pressure or temperature above the ambient; or
evidence of corrosive attack on the structure by the fluid's
decomposition products as the indicators of a fluid's innition
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in a new SST hot compartment fluid flammability test.

Study of physical and chemical properties of proposed Mach 3
hydraulic fluids failed to disclose any obvious property which
would correlate with ignition or non-ignition under these SST
hot compartment conditions. Furthermore, simulated Mach 3 hot
wing compartment fluid flammability tests of available products
in which the heated fiuid was sprayed into a hot 4 1/2 in.
diameter by 36 .in. long titanium tube both with and without
an electric arc, failed to correlate either with known fluid
properties or with the older subsonic flammability tests on the
same fluids. Disconcertingly, some fluids which did not pass
the older tests passed these supposedly more severe supersonic
hot compartment conditions. Our work so far has added five
new variables: fluid quantity, dwell time, geometry of the
compartment, ambient pressure, and atmospheric motion to our
test enveiope without really clarifying anything. It is ap-
parent that in any one portion of this test enveiope of
multiple variables, a fluid might pass, yet fail catastroph-
ically if only slightly different conditions of environment
were tried. |In the face of this information, we could only
conclude that fluid flammability was more a property or result
of the environment tested than it was an innate property of the
fiuid.

Flammability apparently is a derived product of environment
and material rather than a pure property of material alone.
Reconsideration of the older fluid flammability tests tends to
confirm this. The total available energy in these older
tests was actually low enough that many anomalies in flam-
mability were unwittingly obscured. We know now that all our
subsonic fire-resistant aircraft hydraulic fluids can sometimes
be made to burn under some non-use simulating conditions.

For example, even water can be oxidized or "burned" to

hydronen peroxide if we were to push ifs use as a safec function-
al fluid into some exotic applications. Obviously, our present
phosphate ester commercial aircraft hydraulic fluids serve us
safely today only because our subsonic aircratt desians ncver
really tax the fluid's chemical structure. FLaually obvious

is that at the higher SST enerqy levels, present subsonic
fire-resistant fluids will be overtaxed and unsafe ancd that a
new chemical class of fluids will be needed to maintain the
present maragin of safety.

We know there are useful differences between chemically
different classes of fluids even in this unquantitative areas
of flammability assessment. To find these differences and put
them to use in the form of 450F fire resistant fluids, we are
funding further study of the fundamentals of unwanted com-
bustion. Adoption of any operating commercial SST hydraulic
fluid, before solutions for the remaining problems have been
found, will require severe compromise in either the aircraft's
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performance or its total flammability hazard rating.

First, we must know all the variables which influence
filammability of fluids in the case of the S5T hot compartment.
The full range of each variable possible in the SST must be
explored.

Otherwise a designer adopting a fluid as safe within his sct
of SST environmental variables and their ranqges, and believing
the resulting total flammability hazard rating for that fluid,
might actually be perilously close to complete reversal of his
hazard rating because of some undiscovered variable or a
variable range that actually extends beyond his assumptions.
It was the discovery of the proncunced effect upon our tests
of variables formerly thouqht to be of litile concern,
expecially the marked lowering of ianition temperature caused
by slight air movement, which prompted me to delay a formal
paper on techniques of exact assessment of fluid flammability.

The second pitfall to be avoided in future work is the
nejative test, the laborious, detailed, simulative flamma-
bility test which when finally done tells only that we are
safe in one littie area of operation and gives no clue of what
may happen outside that set of assumed conditions. [|f flamma-
bility is a material property we should be able to obtain
positive flammability desiqgn properties useable much as are
density, viscosity, volatility, and freezing point. Such data
should enable us to outiine the entire envelope of safe
operating conditions rather than speculate about the few
unrelated points in our environpent which flammability tests
now disclose.

Solution of these last two problems would greatly simplify
the task of both the aircraft system designer and the fluid
synthesizer.

To summarize, we can say that of the fluid flammability
tests now in use:

I. All are different.

2. Each is indicative of something.

3. Some contradict others.

4 None, by itself, is clearly sufficient for SST design.

5. When all are taken together they cast doubt on the

validity of any extrapolation from one set of environ-
mental conditions to any other even slightly different
set of conditions. They make us realize how much

more our present term "fluid flammability" is related to
the selected technique of testing rather than being an
innate fluid property useful for design purposes.
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ASSESSMENT OF THE FLAMMABILITY OF ATRCRAFT FLUIDS
By J. A. Ma.cdonald1
REFERENCE: J. A. Macdonald, "Assessment of the Flammability

of Aircraft Fluids," Fire Resistance of Hydraulic Fluids,
ASTM STP 406, Am. Soc. Testing Mats., 1966.

ABSTRACT: The methods adopted for assessing the fire
resistance of saircraft fluids have been critically reviewed,
Most attention has been devoted to an examination of methods
of assessing the likelihood of spontaneous ignition of fluids
under the most severe conditions that may be encountered in
flight, The present closed vessel and hot manifold tests
are inadequate and may be misleading, Some other tests,

for example the wick, spark ignition of spray, and CAA
flammability reference scale, are criticized as being too
narrow in their scope.

It is suggested that adequate basic information on the
flammability of fluids would be obtained by improved versions
of two simple tests:

1, Flash point {lower and upper).

2. Minimum spontaneous ignition temperature in a larger
isothermal enclosed apparatus.

Where the application involves ignition on the outside of a
hot body in cooler surroundings, the effects of environmental
factors are so strong that each case should be treated
individually, though some guidance can be provided by tests on
a 6 in. hot pipe or flat plate.

KEY WORDS: fire resistance, flammability, fire tests, flash
point, spontaneous ignition, hydraulic fluids

The fuels available for aircraft propulsion all exhibit
ignition characteristics which can make them hazardous under
certain conditions. The same appears to apply to lubri-
cating oils at the moment, but hydraulic fluids have not been
restricted to natural minerals, and recent developments have

! Mechanical Engineering Dept., Royal Aircraf't Establish-

ment, Farnborough, Hampshire, England.,
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led to the appearance on the market of a number of competitive
fluids for which a claim is made that in addition to their
good functional properties they are "fire resistant,"

The assessment of "fire resistance" has always presented a
problem, since the conditions under which a fluid fire can
occur in aircraft cover a wide spectrum varying from ‘wick!
pool or spray fires ignited by flame or spark to spontaneous
ignition of vapor by heated surfaces. It is therefore
desirable that standardized tests be employed which realisti-
cally represent the worst conditions that may be met in
flight, Most attention is given to ignition by heated
surfaces, which is becoming increasingly important owlng to
the large areas of such surfaces presented by jet engines at
all aircraft speeds and by the structure at supersonic speeds,

In the following paper the results of spontaneous ignition
tests on a number of aircraft fluids are presented together
with comments on the significance of the test techniques.
Suggestions are also made about the basic tests of all kinds
considered essential to assess the relative merits of fluids
from the point of view of their safety in aircraft,

SPONTANEOUS IGNITION TEST TECHNIQUES

The subject of ignition by heated surfaces has occupied
the attention of investigators for many years. It has been
shown that ignition depends on many factors such as the nature
of the surface; its shape, size, and orientation; and the
composition of the combustible air mixture, In the
following paragraphs an attempt is made to assess the signifi-
cance of some physical variables on ignition, partly to
illustrate the very limited application of particular con-
figurations as a standard for comparing fluid flammability
and, probably more important, to illustrate to aircraft
designers how some physical conditions lead to increased
ignition temperatures.

Uniformly Heated Enclosures

Ignition Temperature -- Tests have been made in uniformly
heated vessels varying in volume from 125 cm (1) to 7.5 ft3(2)
The smaller vessel is used in the ASTM Method of Test for
Autogenous Ignition Temperatures of Petroleum Products
(D286~58T), whereas the larger vessel, made of steel, was used
by Boeing to determine experimentally the effect of vessel
size on ignition, Recent work (3) at the Royal Aircraft
Establishment using kerosine fuel in stainless steel vessels
varying in diameter from 1 to 18 in. showed that the ignition
temperature varied with the vessel size as shown in Pig. 1.
This result has some significance in the design of a standard
test, since, if the temperatures are to be regarded as
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limiting values for design purposes (rather than as merely
comparative values), then it is necessary for the test vessel
to be as large as the largest heated space expected in the
aircraft, In any case, it seems unwise to use a vessel
smaller than about 6 in, diameter, since the inhibiting
action of the walls then becomes significant. A polint which
has not been established is whether all combustibles would be
affected equally by vessel size.

Table 1 shows the ignition temperatures and their
associated conditions of test for a number of fluids in air
at atmospheric pressure, The interpretation of these data
presents some difficulty largely because the criterion of
ignition is not always defined and presumably varies from
test to test, as may also the fuel concentration., There is
a need to establish a common standard in any test such as
determining for each fluid the optimum concentration for
ignition (as is done in Ref, 1) and adopting a reliable
criterion for ignition such as a minimum ignition pressure
rise of, say, 1 psi. A visual observation of flame is
regarded as unreliable since ignition pressure rises of
several psi are given by cool flames which cannot be readily
seen,

Ignition Delay =~ A characteristic of the spontaneous
ignition process is the delay period required for preflame
reactions prior to an explosion, This is a factor of some
importance in evaluating the risk of ignition in hot venti-
lated regions in aircraft which contain combustible vapor.
Work on this aspect using kerosine fuel yielded the results
shown in Fig, 2, Results for hydraulic fluids in enclosures
of uniform temperature are scarce, but what evidence there is
indicates that although the ignition temperatures of the
synthetic fluids are higher than those for mineral oils the
delays vary in a random fashion at their respective ignition
thresholds. Ventilating air may therefore be of little
value in preventing the ignition of some synthetic fluids,
However, since this factor can be significant in the design
of systems to avoid explosions, the minimum values found
should be reported for temperatures near the ignition
threshold.

NON-UNIFORMLY HEATED CONDITIONS

Flammable fluids may lesak into a region where the tempera-
ture is not uniform = such as a compartment containing a hot
duct or pipe which is at a significantly different tempera-
ture from that of the enclosure walls, The likelihood of
ignition in such a case will depend on the temperature to
which the mixture is heated by the duct and the time the gas
takes to traverse the hot boundary layer and adjacent zones
of recirculation in relation to the ignition delay period.
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Natural convection and ventilation processes predominate in
these cases. In the following notes the results of tests
mede in an apparatus (see Fig., 3) simulating the leakage of
fluids into an unventilated region containing hot pipes of 6,
3, and l% in, diameter are discussed, The fluids employed
in this study are kerosine (Avtur), DTD 585, chlorinated
silicone, and phosphate ester, The tests with the first two
were done with whole vapor and liquid fuel, whereas liquid
tests only were made with chlorinated silicone and phosphate
ester because of their low vapor pressure and the onset of
fluid decomposition below ignition temperature. The fluids
tested are commented on and compared in the following para-
graphs.

Kerosine

The results of tests with vapor and liquid are shown as
threshold lines on Figs. 4 and 5, respectively, for the three
pipes. Ignition temperature shows a strong dependence on
pipe diameter particularly at low sphere temperatures with
liquid injection, The pipe temperatures required to give
ignition increase with reduction of sphere temperature about
equally for either mode of fuel injection with the 6 in., pipe,
but to a much greater extent with liquid injection on the two
smaller pipes. The sudden steepening of the curves for
liquid injection at temperatures about 350 to 4LOOC is believed
to be due to a reduction in fuel concentration caused by the
onset of film boiling on the pipe. Values for the 6 in., pipe
appear to correspond with those_given by flat plates (4) at
similar environmental temperatures., With liquid injection,
ignition pressure rises increase to 40 psi at about 15C above
the ignition threshold, whereas with vagpor injection there is
a slower rise to about 30 psi. In cases where the ignition
is below 400C the pressure rise tends to decrease markedly at
about 450C, and care is required not to mistake this for the
minimum spontaneous ignition temperature (SIT),

An analysis of the heat transfer rate from the pipes (see
Fig. 6) to the vapor air mixture for the ignition threshold
temperatures as shown in Fig. 4 appears to be reasonably
independent of pipe size, and since the delay values at the
minimum ignition temperature are of the same order, about
15 sec, the total heat input to mixture for each pipe is
reasonably constant, This indicates that a basis for the
correlation of such work may lie in the heat transfer
relationships rather than the thermal or chain branching
theories with which so far we have been unable to correlate
the results obtained in these tests,

DID 585

The ignition thresholds are shown in Figs, 7 and 8 for
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vapor and liquid injection, respectively. In this case
ligquid injection gives slightly lower ignition temperatures
except for the 3 and 1% in, pipes at the lowest sphere
temperatures. Agein, the differences are much greater for
the 3 and 1% in. pipes than for the 6 in. one. DID 585
liguid is generally more ignitable than kerosine liquid, but
the reverse is true when vapor is applied below the pipes.
The pressure rises for this fluid are similar to those
given by kerosine, The delay results are also similar to
those for kerosine but generally yield slightly lower values,

Chlcrinated Silicone

The ignition thresholds for the 3 and 6 in. pipes are
shown in Fig, 9. The pipe ignition temperature is reasonably
independent of the sphere temperature over a fairly wide
range, a characteristic not exhibited by other fluids,

Tests made by Rolls Royce (5) using chlorinated silicone
sprayed on to a flat plate show agreement over the environ-
nent temperature range covered by the present work on the

6 in. pipe.

The pressure rises are slightly less than shown for kero-
sine and DTD 585, but the delay values are of comparable
magnitude, A feature noticed is that the ignition from the
3 in, pipe yielded pressure rises much less than from the
6 in, pipe and less than those obtained from kerosine and
DTD 585 on the 3 in, pipe.

Phosphate Ester

Figure 10 shows the ignition boundaries for the three
pipes. The ignition temperature varies appreciably with the
sphere temperature, The explosions are less violent than
for the other fluids, giving pressure rises up to about
15 psi, and the delays are very long varying from about two
minutes to over ten minutes.

Comments on Hot Pipe Tests

A comparison of the behavior of the fluids tested on hot
pipes in a cooler 18 in. sphere (Figs. 11 and 12) under static
conditions indicates that the order of merit of the four
fluids is changed signifiicantly by a change in pipe size or
sphere temperature, Other physicel factors which can affect
the likelihood of ignition in the presence of hot pipes are
the dimensions and shape of the enclosure, the fuel concen-
tration, which depends on its boiling characteristics and the
rate and method of application, and the ignition delay
(particularly if there is a ventilating flow).

It therefore seems that such tests, to be of value, must
be done at conditions that fairly closely simulate those
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under which the fluids will be used. If a general compari-
son of fluids outside hot surfaces is required to rate fluids
in order of merit, this should be done on 6 in. pipes (which
give ignition temperature close to the minimum attainable
under these conditions) at the environmental temperature of
interest and covering a range of fluid application rates to
obtain the minimum ignition temperature.

HOT MANIFOID TEST TO SPECIFICATION AMS 3150C

There is no agreed international method of investigating
conditions under which spontaneous ignition of aircraft
hydraulic fluids can occur,. The British Ministry of Avia-
tion Test Specification (DTD 5526 - dreft) calls for the use
of a closed uniformly heated container, whereas the Americans
rely on either closed vessel tests (ASTM Method D286-58T or
D2155~-63T) or, to an increasing extent on the exposed manifold
test AMS 2150C. The closed vessel tests are generally
fairly closely comparable, but the hot manifold rig has been
reported to give much higher values.

A series of tests using the hot manifold rig was therefore
initiated to investigate its reliability and the values it
gives for kerosine, DTD 585, chlorinated silicone, and
phosphate ester. The manifold temperature and rate of fluid
application were varied widely from the suggested values in
AMS 3150C in order to ensure that minimum SIT values were
obtained. The results of these experiments are shown in
Fige 13 and show that, apart from kerosine, the ignition
temperature is little affected by the rate of flow of fluid.

The temperatures indicated by a thermocouple mounted in
the recommended position on the side of the tube are about 30C
lower than those at the top, the cooling effect of the fluids
on the thin walled tube was very great (up to 400C), and
ignition delay times vary randomly over a range of 10 to 300
sec, mainly due to the effect of external drafts in this
exposed arrangement, The ignition temperatures, for some
fluids, are much higher than would be obtained on a 6 in,
tube or flat plate and very much higher than are given by
closed vessels. Consequently, this apparatus is regarded as
having very limited validity as a standard means of assessing
the risk of spontaneous ignition generally in an aircreft,

It would seem better to rely on closed vessel tests as a
general criterion and to treat other arrangements on their
merits as individual cases, since the liability to ignition
can be affected by a number of factors, for example, size,
temperature distribution of the heated surface and its
surroundings, pressure, fluid concentration, and degree of
ventilation,
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SUGGESTED TESTS FOR FLAMMABILITY
Flash Point (closed)

This test is simple, reproducible, and should give a good
indication under controlled conditions of the fluid tempera-
ture at which sufficient vapor is given off to be ignited and
thus of the fire risk at sea level in the presence of an
ignition sourcg, It may be argued that this test does not
give a sufficient indication of the persistence of a fire and
that a "fire point" test would be more appropriate as indi-
cating not only the ignitability but persistence of e flame
without further external agency, This argument is not
strictly valid because (a) 'fire point' is generally recog-
nized as being much less reproducible than 'flash point',
(b) the presence of a flame in practice would ensure the
continuance of vapor, and (¢) the proposed tests on flamma-
bility range (see below) would indicate the ease of burning
rich concentrations of wvapor, The quoted range of tempera-
ture between 'flash point' and 'fire point' is reasonably
constant for most of the fluids so far tested. In the case
of spray ignitions, the ease of ignition will depend on the
heat supplied from an external source to vaporize the
dreplets = hence ignition depends on droplet size, tempera-
ture, and size of flame,

Range of Flammability

The flash point test relates to one concentration of air
to fuel and is therefore connected with & particular tempera-
ture. Ignitions can occur over a fairly wide range of fuel
vapor concentrations depending on the fluid employed. There-
fore, it is desirable to obtain the range of concentration
which is ignitable, This will involve obtaining vapors at
temperatures above the 'flash point' condition until the
"upper flash point" temperature is obtained., This condition
may be difficult to obtain with some synthetic fluids which
readily decompose at temperatures near the flash point,
however some indication of this risk would still be obtained
even under these limited conditions, There may be some
point in recording pressure rise as an indication of the
presence of flsme rather than relying on visual observation,
The present {Pensky Martens) standard spparatus could be
employed for the above tests.,

Minimum Spontaneous Ignition Temperature

This test condition is becoming increasingly important in
high speed aircraft in regions where the environmental
temperature may be high with possible higher internal tempera-
tures, particularly in the region of engines or hot ducts,
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The minimum SIT is known to depend on vessel size, vessel
material, and fuel concentration, It is recommended on the
basis of our experience that the minimum SIT be established
under the following conditions:

1. A uniformly heated stainless steel cylinder 12 in, in
diameter, 12 in. long should be used.

2. Fuel concentration should be varied over a range
sufficient to obtain optimum quantity for each fluid.

3. A criterion of 'ignition should be established, We
suggest that an ignition pressure rise of 1 psi would be
suitable provided that it occurs at a rate exceeding 1 psi/
sec, In addition to the above, the ignition delay should be
recorded at the minimum SIT and 10 and 20C above the minimum,

Since lower ignition temperatures will be obtained with
this apparatus compared with the present standard apparatus
(ASTM D286 or DTD 5526 equipment), the criterion of low
flammability will need to be fixed at a lower level than at
present, so as to allow those fluids to pass which give an
appreciable improvement in safety.

COMMENTS ON OTHER FLAMMABILITY TESTS

The following tests {in addition to those already
discussed) are used by various authorities, Some comments
are made on their advantages and disadvantages.

Wick Test

A bunsen burner is applied to a protruding portion of a
wick of glass wool soaked in a.small bath of fluid. The
ease of ignition and persistence of flame after removal of
bunsen flame are noted. This appears to be a useful test
for indicating the possible spread of a fire, but if a flame
is present due to some other combustible it is likely to
continue to burn and therefore keep alight even the less
flammable fluids., The degree of risk in a situation of this
nature will depend to a large extent on the temperature of
the fluid and degree of ventilation. A more realistic test
would be the 'flash point' of the fluid, which is not
dependent on diffusion criteria or rate of heat transfer to
the fluid under test, The wick test gives very little
indication of the relative merits of the fluids, particularly
of those which show no persistence of flame when the bunsen
burner is removed.

Spark Ignition of Fluid Spray

The test fluid is pumped through a diesel injector and
nozzle to form a cone of fine mist of approximately 20 deg
included angle, The electrodes are placed 6 in., from the
injector nozzle on the fringe of the mist cone. This test

51
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is most difficult to control; ignition depends on droplet
size, and spark position is very critical, both having a
profound effect on ignitability. The correct conditions for
one fluid may be considerably different for another fluid,
since reproducibility of droplet size is difficult, In
particular, the droplet size will vary from one fluid to
another for a given nozzle size due to changes in fluid
viscosity and other physical properties,

¥lammability Ref'erence Scale

This test was originated by the U,S. Civil Aeronautics
Authority. A measured quantity of a mixture of the test
fluid and an inhibitor or "snuffing agent" is sprayed through
an oxy-acetylene flame from a jet at high pressure. The
length of the flame, which is produced along the stream of
fluid, is measured at the instant of its separation from the
ignition source., A proportional reduction in this flame
length is obtained by increasing the inhibitor content until
a point is reached where a small change in mixture composition
produces a large change in flame length, The percentage
inhibitor required to produce this critical condition is
teken as a measure of the flammability of the fluid under
test.

It is difficult to visualize this test as a measure of the
ignitability of the fluid, it is rather a measure of the ease
by which a f'ire could be extinguished by an inhibiting agent
under the specified condition of test.

CONCLUSIONS

After consideration of the tests which are commonly
employed for assessing the flammability of fluids, I consider
that little useful information is given by the 'wick' test,
spark ignition of fluid spray, the flammability reference
scale, and the hot manifold test, but adequate basic informa-
tion would be given by the following tests:

1. flash point (lower and upper limits) .
2. minimum SIT in an improved standard test apparatus and
using better defined criteria,
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Table 1--Data on spontaneous ignition of fluids
in uniformly heated enclosures.
Ignition Temperature of
Vesse; Type Source of Fluids Tested, deg C
CaEZcit Information
pacity DID 585 (Chlori- |Phos-
Kerosine| mineral | nated |phate
(MIL 5606)}Silicone|Ester
Fyrex ASTM Method 228 225 480 593
150 cc D286
Chemical
Inspectorate
M.OL.A,
Steel Cylinder ) Chemical 247 24,0 410 490
6" dia. 21" Inspectorate
long2 M.O.4A.
D.T.D. 5526
Pyrex Flask Ref. 6 232(JP6) - - -
200 cc UoS. Bureau
of Mines
Pyrex Flask " 227(Jp6) - - -
2000 cc
Stainless " 228(JP6) - - -
Steel 2540 cc
Stainless " 238(JP6) |Ref, 7 - Ref.7
Steel 460 cc 353 559
(mineral
fluid)
Stainless R.AE, 226 - - -
Steel 1300 cc | Ref. 3
(4" diameter)
®NOTE: One cc of rluid is used in this test and probably
gives too weak a concentration for hydrocarbon fuels to
yield the minimum ignition temperature, whereas Ref. 1
calls for the optimum fuel quantity.
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Fig. 1 The effect of size on the minimum spontaneous
ignition temperature given by uniformly heated

vessels.



56  FIRE RESISTANCE OF HYDRAULIC FLUIDS

KEROSINE VAPOR AT OPTIMUM CONCENTRATION
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Fig. 2 The effect of temperature on ignition delay

time in uniformly heated vessels.
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THE IGNITION OF FLAMMABLE FLUIDS BY HOT SURFACES

By D. G. Goodalll and R. Ingle2

REFERENCE: D. G. Goodall and R. Ingle, "The Ignition of
Flammable Fluids by Hot Surfaces," Fire Resistance of Hydrau-

ABSTRACT: The full-scale fire testing of aircraft power plants
has suggested that laboratory closed-vessel spontaneous
ignition tests give results which are pessimistic for many
practical applications. The results of a number of test
programs involving specific configurations of hot and cool
surfaces have indicated that, for a particular fluid, it might
be possible to establish a thermal correlation which would
enable the risk of ignition to be calculated at the design
stage.

Tests have been carried out on two rigs, both incorporating
a hot bottom plate surface onto which the test fluid was
sprayed, the side walls and top plate being somewhat cooler.
The first rig was a static rig in which top and bottom plate
temperatures and the gap between them was varied. The effects
of mixture strength, atomization, and wall materials were
studied for kerosine, and the ignition temperatures for various
fluids have been determined for a limited number of
configurations.

The second rig consisted of a small wind tunnel in which the
effect of air velocities up to 10 ft/sec and altitudes up to

20,000 ft were investigated. It is shown that air velocities
up to 3 ft/sec have a large effect on spontaneous ignition
temperatures.

A correlation based on gas temperature and distance from the
nearest wall shows good agreement for the static and wind
tunnel rigs and for closed-vessel tests of other investigations.
An outline of the future program of work is given.

KEY WORDS: spontaneous ignition, fire resistance, fire tests,

flammability, hydraulic fluids, fuels, lubricants, kerosine,
hot plate test, wind tunnel test

1 Superior numbers refer to footnotes at the end of this
paper.

Copyright® 1966 by ASTM International WWW.astm.org



GOODALL AND INGLE ON [IGNITION BY HOT SURFACES 65

In recent years, much attention has been given to
spontaneous ignition problems because of the high skin
temperatures of aircraft operating at high Mach numbers. The
problem is not really new, however, since for many years
aircraft engines have been operating with carcass temperatures
above the laboratory closed-vessel spontaneous ignition
temperatures for fuels and lubricants, and installation
engineers have collected a good deal of ad hoc data to justify
the safety of particular power plants. Fig.1l indicates the
main risk areas for a typical subsonic by-pass jet
installation.

Much of the data relating to aircraft power plants has
indicated that freedom from spontaneous ignition is possible
with individual surfaces as much as 400 F above the spontaneous
ignition temperatures indicated by the laboratory closed-vessel
tests. For example, it is generally accepted that spontaneous
ignition of kerosine/air mixture is possible down to about
410 F, but we have found that, under certain practical
operating conditions, kerosine can be sprayed on surfaces at
750 F and even 900 F without ignition taking place.

As a result of evidence of this kind, it was decided to
investigate spontaneous ignition as a thermodynamic problem to
see whether it might be possible to predict the limiting
conditions for particular configurations on the basis of heat
transfer calculations. It is appreciated that spontaneous
ignition involves chemical problems of great complexity, but
from the point of view of practical engineering, it is usually
sufficient to know the maximum safe temperature for any
particular configuration of hot and cool surfaces.
Consequently, by limiting the number of variables involved and
by concentrating on the determination of an envelope curve for
each flammable fluid within which ignitions were not obtained,
it was hoped to obtain results sufficiently consistent to be
suitable for analysis by standard heat transfer methods and
which might then be extrapolated and checked against data
obtained on representative power plant configurations.

The ultimate objective for our work has been to enable
spontaneous ignition risks to be calculated in the design
stages of a new installation with a similar degree of confidence
to that with which surface temperatures can be estimated. Most
of the testing has been carried out using kerosine as the
flammable fluid, to measure the effects of some simple changes
in geometry, as well as changes in type of spray, mixture
strength, altitude, and air velocity.

The conclusions presented are based on the results for
kerosine, but sufficient work has been carried out on other
fluids, such as ester-base lubricants, mineral base and
silicone base hydraulic fluids, to give some idea of the
application of the conclusions to these fluids.
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Once again it must be emphasized that this paper describes
an engineer's approach to the problem of spontaneous ignition.
No attempt has been made to obtain values of absolute
significance, but rather to derive a theory capable of
predicting the effects of changes of environmental conditions
once reliable laboratory data are available for a particular
fluid under a particular known set of conditions.

Test Equipment and Procedure

General

So far, the investigation has been limited to two simple
configurations, the first representing an enclosed, stagnant
volume with a hot lower surface and rather cooler top surface
and side walls, while the other represented a somewhat similar
configuration with a small ventilating airflow passing through

it. In each case the ignition risk was assumed to arise as a
result of leakage of flammable fluid from a point in the upper
surface. Thus, these first configurations have given the

simplest possible simulation of ignition in the space between
the upper surface of an aero engine and the adjacent cowling,
due to a dribble of flammable fluid from a pipe running across
the top of the engine. The effect of variation in gap between
hot and cool surfaces has been investigated on a static hot
plate rig, and the effect of variation in ventilating air
velocity with a fixed gap has been investigated on a small wind
tunnel with a heated floor section.

Description of Static Hot Plate Rig

The main features of the static hot plate rig are shown in
Fig.2 and a photograph of the rig itself is shown in Fig.3.
The rig provided an enclosed volume within which the flammable
fluid under test was injected downward onto a heated bottom
plate surface. Top and bottom plate temperatures could be
controlled independently, and the side wall temperatures, which
were not directly controlled, were measured by thermocouples
embedded in them.

Considerable time was spent in developing this rig, to
eliminate shortcomings shown up by inconsistent results in the
early tests. In its final form, as shown in Figs.2 and 3, it
consisted of an electrically heated bottom plate 11.5 by
7.75 in. made (for most of the tests) from 1 in. thick
stainless steel, separated from an air-jacketed top plate by
means of interchangeable side walls or sandwich pieces, which
enabled the gap between top and bottom plates to be varied
between 1 and 6 in. in increments of 1 in. These parts, which
were made of mild steel, were lagged externally with asbestos,
as were the exposed edges of the bottom plate. The top plate
could be either heated or cooled by passing hot or cold air
through the jacket. Surface temperature measurements were
obtained from 5 thermocouples welded 0.040 in. below the
surface of the bottom plate, 4 thermocouples welded flush with
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the under surface of the top plate, and 1 thermocouple in the
side and rear walls of the sandwich pieces. All the
thermocouples were of the chromel alumel type.

Provision for injecting the test fluid onto the bottom plate
was by means of a hand-operated syringe, discharging through an
air blast cooled stainless steel tube terminating in an
0.030 in. diameter orifice. Six disk-type pressure relief
valves were situated around the base of the enclosed box to
relieve any pressure build-up within the box, and, as will be
seen from Fig.S,'the whole rig was screened to reduce drafts to
a minimum. Ignition was observed visually through mica
windows in the lowest sandwich piece.

Extensive temperature measurements were made during the
commissioning of the rig, and it was established that the
temperature of the bottom plate could be varied over the range
390 to 930 F by varying the heating current, with a scatter in
thermocouple readings of less than *¥9 F and that the top plate
temperature could be varied, with a similar degree of accuracy,
over a range of 75 to 660 F by passing cold or hot air across
its upper surface.

With the fuel injector nozzle replaced by a thermocouple
probe, air temperatures were recorded at intervals of % in.
from the center of the bottom plate surface for gaps of 1, 3,
and 6 in. with bottom plate temperatures of 392, 572, and 752 F
and top plate temperatures of 122, 302, and 572 F.

For the determination of each spontaneous ignition limit a
minimum of 10 repeat tests was carried out to confirm non-
ignition, and in some cases as many as 20 to 30 checks were
made to establish one point.

Test Procedure for Static Hot Plate Rig

The sandwich pieces were arranged to give a particular gap,
the bottom plate temperature was fixed at a predetermined
value, and the top plate temperature was allowed to settle to
that produced by radiation from the bottom plate. Because of
its large heat capacity, the rig was allowed to soak for
approximately l% hr to ensure stabilized temperatures
throughout. A ‘predetermined. quantity of fuel was then
injected and a period of 3 min allowed for ignition to occur.
During this period, smoke and vapor could be observed coming
slowly from the rig vents, but the occurrence of a hot flame
resulted in an unmistakable explosiion, varying from a weak
'puff' to a sharp explosion depending on conditions. Cool
flames (detected by the characteristic white exhaust fumes)
which did not proceed to thermal ignition, were ignored.

If ignition occurred, the time lag between injecting the
fuel and ignition was recorded and the top plate temperature
progressively reduced in steps of 36 F until no ignition

occurred (after at least 10 repeat tests). The top plate
temperature was then increased in 9 F steps until ignition
occurred at least once in 10 attempts. If, in the initial

tests, no ignition occurred, this procedure was reversed in
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order to determine the highest top plate temperature giving no
ignition in at least 10 successive tests. The box was purged
by an air blast between successive tests.

Description of Wind Tunnel Rig

The wind tunnel rig, which was used to investigate the
effects of varying air velocity and pressure with a fixed
geometrical configuration, is shown diagrammatically in Fig.4
and a photograph of it in Fig.5. The tunnel was made from
3/16 in. thick nickel-chromium alloy, the working section being
5 £t 6 in. long, 6% in. wide, and 3§ in. deep, and the last
18 in. of the tunnel floor being electrically heated to provide
the 'hot surface' for ignition purposes. Temperature
measurement was again by means of chromel alumel thermocouples,
3 of which were welded 0.040 in. above the tunnel top surface
and 6 below the surface of the heated section of the tunnel
floor. The heated section was enclosed in insulating
firebricks to reduce heat losses and ensure reasonably uniform
duct temperatures.

Since consistency of injection was felt to be more critical
on this rig, the flammable fluid was supplied by an
electrically driven pump through an electronically timed water-
cooled fuel injector, incorporating an 0.039 in. diameter
orifice located above the upstream end of the heated section.
The electric heaters were capable of heating the tunnel floor
to 1472 F, with a maximum scatter of *9 F on the thermocouple
readings, and radiation from the floor raised the tunnel roof
temperature to a maximum of 1112 F. Maximum tunnel air
velocities of just over 10 ft/sec were obtained under sea level
conditions, the air being supplied at approximately room
temperature. :

By fitting an exhaust ejector to the tunnel and operating a
variable restriction at the tunnel inlet, it was possible to
obtain a similar range of air velocities at tunnel air
pressures corresponding to altitudes up to 20,000 ft.

Test Procedure for Wind Tunnel Rig

The test procedure was generally similar to that for the
static rig, the rig being allowed to soak at temperature for
2 hr before carrying out tests with progressively increasing
airflows. The minimum airflow to suppress ignition was
obtained to the nearest 0.1 ft/sec on the basis of no ignition
in at least 10 tests. Ignitions were again determined
visually, a typical example being shown in Fig.6.

The hot surfaces of both the static and the wind tunnel rig
were cleaned periodically, and sufficient repeat tests were
carried out to ensure that false results were not being
obtained due to surface deposits.
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Test Results

Fluids Tested

The following fluids were tested in the course of the
program. In order to 1limit the duration of the program only
kerosine was subjected to the full series of tests, the
remainder were subjected to specific tests as described later.

Kerosine - D.Eng.R.D.2494
Wide-cut gasoline - D.Eng.R.D.2486
Ester-base lubricating oil - MIL/L/7808D
Mineral-base hydraulic fluid - DTD.585
Silicone-base hydraulic fluid - DTD.900/4725

Results Obtained on Static Hot Plate Rig

Fig.7 shows a typical set of results for the static hot
plate rig and illustrates the determination of the limiting
curve of top plate temperature versus bottom plate temperature
for non-ignition of 1 cm” of kerosine injected with a 2 in. gap
between top and bottom.plates. This curve has been included
to give an idea of the amount of testing carried out to
determine each such curve by showing the cases where further
tests were considered necessary because ignition occurred after
a number of non-ignitions and also to show the relative small
scatter for the boundary conditions. On the assumption that
visual determination of ignition gives a satisfactory
indication of any reaction liable to cause a fire, we consider
the accuracy of our spontaneous ignition temperature
determinations to be within 19 F.

Figs.8, 9, and 10 show the spontaneous ignition boundaries
determined by this method for aviation kerosine to
Specification D.Eng.R.D.2494 (JP.1), wide-cut gasoline to
Specification D.Eng.R.D.2486 (JP.4), an ester-base lubricating
oil to Specification MIL/L/7808D, a mineral-base hydraulic
fluid to Specification DTD.585, and a low-flammability
silicone-base hydraulic fluid to Specification DTD.900/4725
when injecting through the 0.030 in. diameter orifice at a
pressure of approximately 20 psig with gaps of 1, 3 and 6 in.,
respectively, between the top and bottom plates of the rig.
Once again the curves are plotted to show the highest top plate
temperature which could be achieved without causing ignition
for each value of bottom plate temperature, and thus the region
to the left of each curve represents the safe region from the
spontaneous ignition point of view.

Since the- tests were intended to investigate ignition on the
bottom plate, it should be noted that very little work was
carried out with the top plate the hotter of the two since, as
will be discussed later, it is intended to include this in a
later program.

In these tests, the volume of mixture injected was varied in
proportion to the enclosed volume, to give a nominal mixture
strength of three times the stoichiometric value, since other
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work had shown this ratio to give the lowest ignition
temperature. It was, of course, appreciated that the actual
mixture strength would vary widely within the rig, particularly
when the ignition delay times were short, and in order to
obtain some idea of the change in ignition temperature which
would result from a change in nominal mixture strength, further
tests were carried out in which the volume of fluid injected
was held constant so that the nominal mixture strength was
inversely proportional to the enclosed volume. Fig.1l1l shows
the effect (for aviation kerosine) of mixture strength for a
3-in. gap, the effect being generally similar for other gaps.
These tests showed that the effect of mixture strength on
ignition temperature was very small with rich mixtures of two
to eight times stoichiometric but confirmed that the minimum
value occurred with mixture between three and four times
stoichiometric.

Another variable investigated on the static hot plate rig
was fluid atomization. Most of the work was carried out with
a fixed gap of 3 in., and the results for kerosine are
summarized in Fig.12, while those for the ester-base turbine
engine lubricating oil and the mineral hydraulic fluid are
shown in Fig.13. Unfortunately, no corresponding data have
yet been obtained for the silicone-base hydraulic fluid. The
0.030 in. diameter orifice had been found to give a plain jet
of liquid during the injection period, and to obtain finer
atomization it was replaced by a swirl atomizer incorporating a
0.016 in. diameter metering orifice. This atomizer was also
arranged to spray downward onto the bottom plate, and, although
no attempt was made to obtain a quantitative measure of the
degree of atomization obtained, the 'minimum atomization' was
arbitrarily defined as being that given by 30 psi pressure
difference and 'maximum atomization' was that given by 200 psi
pressure difference across the jet.

All the fluids tested showed significant changes in
spontaneous ignition temperature with degrees of atomization,
although comparison of Figs.1l2 and 13 shows that the
relationship is not a simple one, since it was reversed when
comparing the ester-base lubricant with the other two fluids.

The lower bottom plate spontaneous ignition temperatures
(Fig.13) obtained with a low degree of atomization with
kerosine is thought to be due partly to the scattering of small
droplets over a larger area of the bottom plate, thus giving
higher heat transfer rates into the liquid fuel, and partly to
a better mixing of air and fuel vapor at the bottom plate
surface. However, with a high degree of atomization, ignition
temperatures are higher than those for the liquid jet and the
low atomization spray which is due to a reduction of
penetration to the surface of the bottom plate. This has two
effects: (1) the mixture strength in the boundary layer at the
bottom plate will be reduced, and (2) the heat required to
evaporate the fuel in the air is derived from the air instead
of the bottom plate. The latter effect will cause steepened
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temperature profiles near the bottom plate and thus call for a
higher bottom plate temperature to give ignition.

Referring once again to Fig.13, this shows that for the
ester-base o0il, a higher degree of atomization invariably
resulted in a lower ignition temperature. This is thought to
be merely due to the resultant increase in the number of small
droplets obtained for this heavier and more viscous fluid
giving a higher rate of heat transfer and evaporation from the
surface of the bottom plate, there being little evaporation in
the air due to the very low vapor pressure.

The physical properties of the mineral-base hydraulic oil
DTD.585 are nearer to those of kerosine, and the results
obtained show trends similar to those for kerosine. It must
be pointed out that all our analytical work has been based on
the lowest spontaneous ignition temperatures measured, these in
the case of kerosine, being with 'minimum atomization'.

Finally, some comparative tests were made using kerosine at
three times stoichiometric concentration with a 3 in. gap and
the 'minimum atomization' condition, to compare ignition
temperatures for different bottom plate surfaces. The results
of these tests are shown in Fig.l1l4. From this, it will be
seen that the effect of the hot surface material was
surprisingly small, the painted aluminium plates giving
ignition temperatures slightly (16 F) lower than those for
stainless steel, and the anodized and machined aluminium plates
giving slightly (22 F) higher temperatures than stainless
steel.

Results Obtained on Wind Tunnel Rig

For the tests on the wind tunnel rig it was decided to
inject a fixed quantity of kerosine (3.6 to 3.8 cm3) in all
cases, in order to limit the number of variables involved, and
since the results on the static rig had already indicated that,
for rich mixtures, mixture strength was unlikely to be
critical. Different degrees of fuel atomization were obtained
by injecting through an 0.039 in. diameter orifice at pressures
of 50, 500, and 1000 psig, the corresponding periods of
injection being 1.1, 0.4, and 0.28 sec, respectively, to give
the same total injection quantity. Fig.1l5 shows the results
obtained at sea level for the three injection pressures, the
ignition boundary being expressed in terms Of the minimum air
velocity to prevent ignition for any given temperature of the
heated floor section so that the area to the left of the curve
constitutes the 'safe' region, It will be seen that large
increases in spontaneous ignition temperature were obtained
with small increases in airflow, especially at the lower end of
the range.

Similar tests were carried out with the tunnel internal
pressure reduced to simulate altitudes up to 20,000 ft, and a
typical set of results for three heated floor section
temperatures of 1100, 1277, and 1436 F, with an injection
pressure of 500 psig is given in Fig.16. This graph
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illustrates how the effect of air velocity in inhibiting
spontaneous ignition becomes even greater with increasing
altitude and shows a limiting altitude for each temperature
above which ignition is not possible even without airflow.

Fig.17 is a carpet graph relating all the results obtained
with 500 psig injection pressure, including those for sea level
conditions already given in Fig.15. In the interests of
simplicity, no attempt has been made to include individual test
points on this carpet plot, nor are the corresponding results
for the tests where injection was at 50 and 1000 psig included,
since these do not differ greatly in form and are not necessary
for the purpose of our main argument.

Discussion

Examination of the results presented in the paper leads one
to a number of interesting conclusions:-

As expected, large differences in spontaneous ignition
temperatures were obtained for the different fluids tested,
varying from a minimum of 482 F for kerosine, with hydraulic
fluid DTD.585 approximately 9 F higher, up to approximately
750 F for the silicone-base hydraulic fluid DTD.900/4725 in the
static rig with equal top and bottom plate temperatures
(Figs.8 to 10).

In the second place, after allowing for the difference in
chemical effect associated with the use of different fluids,
the results have once more confirmed the extreme sensitivity of
spontaneous ignition to environmental conditions, but at the
same time have shown that the ignition boundary may be
determined with quite a high degree of repeatability provided
the conditions are sufficiently closely controlled (Fig.7).
This conclusion we have found somewhat surprising in view of
the generally non-homogeneous temperature conditions in our
test rigs and also in view of the deliberate lack of pre-
heating of the injected flammable fluids. Such factors as
mixture strength and wall temperature, for example, were
deliberately arranged to be far from uniform, the latter giving
rise to freely circulating convective airflows. All these
factors are appropriate to practical engineering applications
but would usually be carefully eliminated by a conscientious
laboratory worker, so that the repeatability of our results has
been encouraging.

Thirdly, as has already been pointed out, the tests have
indicated that, for fluid injected in liquid form with nominal
concentrations richer than stoichiometric, nominal mixture
strength does not have an important effect on the spontaneous
ignition limits determined (Fig.l1l). It is presumed that this
is because, with this technique, local variations of mixture
strength near the point of impingement of droplets on the hot
surface almost cover the range from zero (pure air) to infinity
(pure liquid) and thus provide sufficient mixture at the
appropriate concentration for the minimum spontaneous ignition
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temperature. It may be remarked here that in all cases the
heat capacity of the hot surface onto which the fluid was
injected was considered to be large relative to that of the
injected fluid, so that the minimum amount of chilling of the
hot surface took place. Thus, the results obtained should
represent the minimum temperatures for spontaneous ignition
appropriate to each configuration, and many practical cases
involving continuous fluid leakage would require somewhat
higher temperatures to give ignition due to local chilling of
the hot surface-

Somewhat surprisingly, except in the case of the silicone-
base hydraulic fluid, deposits on the hot surfaces were light
and gave little change in the spontaneous ignition temperature.
Also, the tests on different plate surfaces and surface
finishes in the static rig showed that these introduced a
scatter of the order of only 18 F as compared with a machined
stainless steel plate, an aluminium painted surface giving the
lowest temperature and an anodized light alloy plate the
highest.

The results are considered to have shown, therefore, that
when assessing the risk of spontaneous ignition in a given
engineering application, the important parameters to be
considered are the type of flammable fluid which may be present
together with the normal heat transfer factors of size and
shape of enclosure, surface temperatures, and air pressure and
velocity.

So far, time has permitted an analysis along these lines to
be carried out only on the data obtained for kerosine at
14.7 psia. It is hoped ultimately to demonstrate that the
theory applies equally to other fluids and ambient pressures,
but more test evidence will be necessary to enable this to be
done.

Many previous workers have, of course, discussed the problem
of spontaneous ignition from a thermal viewpoint. It has been
pointed out by Jost 3, for example, that the lower limit for
spontaneous ignition of a mixture can be considered as being
that temperature at which the rate of heat output from the
chemical reaction begins to increase more rapidly than the rate
of extraction of heat by the surroundings.

It was considered that, for the static rig, radiation was
likely to be the major mode of heat transmission, and
calculations were, therefore, carried out to determine the net
radiant heat flow between the walls of the enclosure and a
small spherical volume of mixture near the center of the bottom
plate surface to compare the equilibrium gas temperatures near
the hot plate (assumed to be the temperature at which the
radiant heat flow was zero for the limiting conditions with
various configurations).

The results of these calculations are shown in Fig.18 for
kerosine with a 3 in. gap between top and bottom plate surfaces.
Similar curves are included in Fig.18 for the radiation heat
balance at the center of spherical vessels 10 and 18 in.
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diameter, respectively, as used in recent tests at the Royal
Aircraft Establishment *, assuming the gas temperature to be
varied while the wall temperatures are held constant at values
corresponding to the lowest spontaneous ignition temperatures
observed.

For the static hot plate rig, the calculations have been
carried out for an element of gas 0.1 in. from the surface of
the hot plate, and it will be seen that over almost all of the
range of conditions a radiant heat balance was obtained at a
gas temperature of 470 F, but as the top and bottom plate
temperatures became similar the gas temperature at balance rose
to 485 F. The radiant heat balance at the center of 18 and
10 in. spheres occurs at temperatures of 406 and 414 F,
respectively, showing that some, scale or shape factor must be
used to correlate more closely the spontaneous ignition
temperature of homogeneous enclosures and enclosures with
differential wall temperatures on the basis of zero radiant
heat flow. However, a rough correlation exists in that, at
ignition boundaries, the gas temperature for zero radiant heat
balance lies between 406 and 482 F for rich kerosine/air
mixture over the range of enclosure sizes and shapes
investigated, including the heated spheres, while for the hot
plate rig alone the correlation is much closer.

In other words, this work suggested that a rich kerosine/air
mixture would ignite in an enclosure comprising a large heat
source once a small volume of the mixture had been heated to a
minimum temperature of the order of 406 to 482 F. The fact
that the enclosure incorporated a bottom surface much hotter
than this would not necessarily cause ignition provided other
walls of the enclosure were sufficiently cool to give a radiant
heat balance for the mixture close to the hot surface at a
mixture temperature below the range given above.

While this correlation may prove to be satisfactory for
certain practical applications where, under more or less
stagnant air conditions, flammable fluid drips down on to a hot
surface, further consideration shows that it has some obvious
shortcomings. The most important of these is that it ignores
heat transfer by conduction and convection, which are important
in certain configurations, such as when the upper surface is
the hotter of the two and when airflow is present as in the
wind tunnel rig.

The explanation for the scale effect reported by several
workers probably lies in the inhibiting action of walls of the
vessel, as described by Cullis, Fish and Gibson 3, This
results in a need to modify the simple heat balance theory to
include the proposition that, while there is for each mixture a
fundamental spontaneous ignition temperature, this would only
be achieved in the center of an infinitely large container,
and, due to the effect of the walls in terminating the chain
reactions essential for ignition to proceed, this fundamental
temperature must be somewhat higher if the distance of the
point of ignition from a wall is reduced. This theory offers
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an explanation of the higher spontaneous ignition temperatures
reported for smaller diameter spherical or cylindrical vessels
and also for hot surfaces with steep temperature gradients
close to their surface.

As the following analysis shows, using this theory, it is
possible in principle, at least, to predict the spontaneous
ignition temperatures for a wide variety of configurations by
plotting isotherms adjacent to each hot surface and comparing
the temperature at any distance from the wall with that
required to overcome the inhibiting effect caused by the chain-
breaking action of the wall itself.

Analysis

Assumptions

Let us first assume that there is a temperature at which
chemical reaction occurs at a sufficiently fast rate to produce
an explosion at an infinite distance from a wall under the best
mixture strength for the chosen constituents. This
temperature is given the symbol TO and is reckoned to be
independent of pressure over a limited range of pressures.

Secondly, let us assume that near a wall of a given material
the wall has an inhibiting effect on ignition such that

Tg = T + f (distance from the wall) (1)
Where Tg = gas temperature at 1gnition point in deg F, and
f = some function to be determined,

This implies that, with homogeneous mixtures and
temperatures, ignition will occur at the greatest possible
distance from the wall.

For non-homogeneous temperature distributions, a comparison
of the ignition temperatures determined from (1) with a curve
of gas temperature versus distance from the wall will determine
whether an explosion risk obtains.

Investigation of Rig Results

Homogeneous Temperature Rigs

A recently published report by the Royal Aircraft
Establishment, Farnborough 4 gives results reproduced in Fig.19
of a very extensive series of tests on stainless steel
cylindrical and spherical vessels ranging from 1 to 18 in.
diameter using kerosine fuel D.Eng.R.D.2494 (JP.1) injected
into air in vapor form. 4

Replotting these results against r 2 in Fig.20 (where r is
the distance from the nearest wall in inches) gave the
following approximate formula
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1
Tg = To+ kT2 . .. .. .. (2)
Where T, = basic spontaneous ignition temperature at an
infinite distance from any wall (deg F),
Tg = spontaneous ignition temperature at distance r
from the nearest wall (deg F), and

k a constant.

i

It was found that, over the pressure range 6 to 14.7 psia,
T, remained constant at 380 F, while k = 82.5 at 14.7 psia and
increased with reduction in pressure.

No quantitative analysis has yet been attempted of the
pressure effects either in these closed vessel tests or on the
Rolls-Royce wind tunnel rig (Fig.l17). However, both sets of
results indicate that ignition temperatures increase with
altitude, thus confirming the trend reported by other
workers é.

Rolls-Royce Static Hot Plate Rig

As already mentioned, this rig featured a box-type enclosure
with a solid bottom plate at temperature with, in general,
cooler top plate and side walls. Kerosine fuel to
Specification D.Eng.R.D.2494 (JP.1) was injected at 50 to 59 F.
All tests were carried out at atmospheric pressure and all
results are uncorrected for barometric pressure.

The temperature profile for the air within the enclosure was
measured at the vertical centerline for various combinations of
top and bottom plate temperatures, and from these measurements
a typical series of temperature profiles was estimated near the

center of the hot bottom plate. These profiles are plotted
1

against r 2 in Fig.21. The curves show that convection
currents within the chamber gave quite sharp temperature
gradients near the bottom plate. The boundary of the ignition
temperature profiles shown in Fig.22 is given by the formula:-
1
Tg = 390+ 22r 2 .. .. . .. (3)
Where r is the distance from the bottom plate in inches.

This form shows remarkable agreement with basic ignition
temperature T, given in Eq (2), but the constant k = 22 is
approximately one quarter of that for the closed chamber
results.

Rolls-Royce Wind Tunnel Rig

In this rig the working section 1% ft long was preceded by a
calming section 4 ft long, but flow straighteners were not
fitted. Calculation of temperature profiles at the end of the
working section showed that for most of the tests the flow was
turbulent with a laminar sub-layer and that ignition must have
been occurring in the sub-layer, since the temperature gradient
was very steep and the temperature had fallen to 400 F or below
at the sub-layer boundary with wall temperatures up to 1472 F,
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Of course, with longer heated surfaces the laminar sub-layer
temperature gradient will become less steep, the temperature at
the sub-layer boundary will increase, and ignitions will occur
at lower gas temperatures farther away from the wall.

In comparing the results from the wind tunnel rig with those
for the static hot plate rig, it is important to bear in mind
that on the static rig, ignition delay times of up to 3 min
were allowed. In the case of the wind tunnel rig, however,
the maximum delay times corresponded to the transit times for
the mixture passing over the hot plate, which in turn depended
on the velocity of the laminar sub-layer. Thus the ignitions
obtained were generally associated with short delay times.

Fig.23 shows curves of ignition temperature versus delay
time obtained on the Rolls-Royce static and wind tunnel rigs as
well as a curve from R.A.E. Report 4, This latter curve
clearly shows a negative temperature coefficient region
(between 698 and 878 F) where there is believed to be a change
in the mechanism of chemical reaction, also described by
Cullis et al 5, and this region is within the temperature range
covered by the wind tunnel tests. Fig 23 also shows the
transit time of the elemental layer at the chosen ignition
point in the wind tunnel rig which is generally similar but

higher than that for the closed vessel tests. This
discrepancy is believed to be the time required to heat and
vaporize the liquid fuel. The similarity between the two

curves indicates that transit time also has a controlling or
limiting effect on ignitions.

1Two curves of ignition gas temperatures are plotted against
r ¢ in Fig.24, the first being that at chosen ignition points
and corresponding to the transit times shown in Fig.23 and the
second showing ignition gas temperatures at transit times

chosen arbitrarily as one second longer than the delay times

for the closed vessel tests. The boundary curve has the
formula:
1
T, = 383 + 36 r .. . .. . (4)

again agreeing with the basic ignition temperature (T,) from
the previous results, but with k only approaching half the
value of k = 82.5 for the closed vessel tests.

In general it should be realized that an increase in heated
surface length allows ignition to take place at a lower
temperature due to long transit times and at the same time
generates higher mixture temperatures at greater distances from
the walls. With a very long heated surface we could expect
ignition temperatures approaching those of a closed cylindrical
vessel of similar diameter to that of the duct. However, for
practical engine installations most hot surfaces are relatively
short in the direction of airflow, and here, we would expect
that the short transit times indicate any possible ignition
point to be of high temperature very close to the wall which,
of course, implies a high wall temperature to give .ignition.
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No explanation has been found for the term r_E, but as this is
a boundary of a range of temperature/distance relations it may
have to remain an empirical term.

To summarize, we would expect that the basic ignition
temperature (T,) can be derived directly from laboratory
closed-vessel tests over a range of vessel sizes. The choice
of a limiting value of k is more difficult since we have shown
that k varies from 22 in the static hot plate rig, through 36
in the wind tunnel rig, to 82.5 in closed-vessel tests for
kerosine fuel. However, it is believed that the low value of
k for the static hot plate rig is due to the wrong choice of
position for measurement of the temperature profile. It is to
be expected that ignition was occurring nearer the edge of the
hot plate where circulation currents were less active and
therefore the temperature gradients less steep. Further
measurements of temperature profiles are to be carried out in
the near future to confirm this.

Fig.25 shows the thref ignition temperature boundary

lines plotted against r 2 for comparison purposes, and it is
recommended that for practical applications the constant k used
should be taken for the present as one third of the k derived
from laboratory tests with closed vessels, that is, for
kerosine k = 28, and later work will be aimed at defining these
constants more closely.

Conclusion

The results of this work have shown quite clearly that the
risk of spontaneous ignition in any given application is
determined by the temperature of a critical volume of mixture
rather than by a hot surface temperature and that the surface
temperature is a controlling factor only in so far as it
affects the temperature of any flammable mixture. Thus it is
possible to justify current aircraft practice in which it is
considered safe to operate with local surfaces much hotter than
closed-vessel ignition tests would indicate. Of course, where
all the surfaces of the enclosure are at high temperatures as
in supersonic aircraft spaces or where a ventilation airflow
temperature is high, spontaneous ignition will be possible at
temperatures approaching those of closed vessels of similar
size. However, it may be possible to raise the ignition limit
by consideration of transit time in the above cases, but any
stagnant regions will constitute an ignition hazard at
temperatures near those for closed vessels.

Calculations of mixture temperature gradients adjacent to
hot surfaces may yet prove too complicated to be practicable,
particularly where incidental or deliberate airflows are
passing over an irregularly shaped surface such as that formed
by a flanged pipe joint.
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Future Work

It is obviously necessary to carry out additional tests, to
check the effects of additional configurations, involving
heated side walls and upper surfaces, as well as to do tests
with airflows over longer heated surfaces and with hot
airflows. This work is to be put in hand shortly, and it is
hoped to obtain further confirmation of the tentative theory
which has been put forward.

Acknowledgments

The authors wish to offer their grateful thanks to the
Ministry of Aviation and to Rolls-Royce Limited, for permission
to publish the results of this work and wish also to thank all
their colleagues at Rolls-Royce who have helped both in
carrying out the tests and in the preparation of this paper.

Footnotes

1. Development Engineer, Fuel System and Fire Precautions
Dept., Rolls-Royce Limited, Derby, England.

2. Section Leader, Fire Precautions Dept., Rolls-Royce
Limited, Derby, England.

3. W. Jost and H. O. Croft, Explosion and Combustion
Processes in Gases, McGraw-Hill Book Co. Inc., New York,
N.Y., 1946.

4. J. A. MacDonald and R. G. White, 'Spontaneous Ignition of

Kerosine Fuel Vapour : the Effect of Vessel Size',
Technical Report No. 65138, Royal Aircraft Establishment,
Ministry of Aviation, Farnborough, Hants., England, 1965.

5. C. F. Cullis, A. Fish and J. F. Gibson, 'The Oxidation of
Hydrocarbons : Studies of Spontaneous Ignition in Small
Vessels', Proceedings of the Royal Society 1965,

Series A, Vol. 284, No. 1396.




FIRE RESISTANCE OF HYDRAULIC FLUIDS

80

vIiBL 18

* ssanjeasdusy 90BJINS outfus sswd-Aq TeoidA] ¢} ean3tg

S3DIAY3S JITNVHAAH ANV
W3LSAS 73N4 SNIVLNOD INOZ |

4,00¢
FHNLVHIdNGL
SSVYIHVI TVHINIO

4,058
Y31viH 13nd
Ol 3did a334

4,08L
HIXIW 4,058
W3LSAS
ONIDI-ILNV INION3
Ol 3did Q334
4,068
SIDIANIS LIVHONIV OL

" IMVL-440 HIV



81

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

* 811 23e1d 30y jo wex

v O80°0L THS

38e1p o13RWAYDS ‘7 =andTg

SLNIW3I3 39ZZ0N 73nN4
¥3LV3IH \I//

1 S3I1dNOJOWY¥IHL . i §
1'. 1
31Vd _
| 1

woLrios
N .
1svig
. 7 HIV
IATVA \ [ Z_._OOU
LN3A = }//ff
SNOILD3S #
. 1TVM
2dno czmu:p A
L_—
31V1d dOL

31ZZON
%@ 13nd

AlddNsS ¥HIV
d702 ¥0 1OH



FIRE RESISTANCE OF HYDRAULIC FLUIDS

82

V IHL 18

' 81x eyerd g0y 01388

*¢ aandtg

ral



83

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

¥ 100°0T THS

Booz_z.ili}ﬂftillr%vlr .

d3ilIw
v

* 811 Tauunl pulm Jo wWeiSeIp OT1PWAYDS ‘4 2ianSIg

|

I
IONILS3L 3aniilly

SINIW3I]3 ONILVIH

NOI1lD3S oz_zd<o.wvs><szs>esL

——=1 ||| |yoLo3ra

HLlv 8 ! ASNVHX3
d3lvm | |

|
_ NOILJ3PN!I
: 13nd

] INILS3L 13A37 VIS

19na
1S NVHX3



84

FIRE RESISTANCE OF HYDRAULIC

FLUIDS

Wind turnel rig

gure 5.

Fi



85

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

YFEL 15

uoT3Tudtr TeoTdAy

8TJ Teuung puTy

*g 2anITyg




¥ SST IS

FIRE RESISTANCE OF HYDRAULIC FLUIDS

* UoT3eUTMIS}Op Arepunoq UOT}TUT JO Poypelf — Ftx orerd 30y 0T3e38 ¢/ aan3Tqg
4, JUALVYHIdWIL F1vid WOL104
000! 006 008 00! 009 00¢ oovc
|
130 NIvid 3014140
991 ALIANVND 001
INISO43IN aInid
SIHONI T dV3
002
oot
o
ANLVYHIdWIL
31V7d dOL
ooy
00S
NOILINDI
A8 GIMo1104 0L
SNOILINSI ON 01 = @7 009
SNOILINSI ON 0 = OT~
NOILIN9} = X
00.

86




87

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

* SPINTJ SNOTIBA J0J SSTIBPUNOQ UOTFTUST - BT 93rTd 30y 213838 °g oand g
40 IYNLVHIdWIL I1Vid WOL109
000! 006 008 00l 009 00s ccw
130 NIVd 3913140
JNYLINOIHIIO0LS * ¢ INISOUTY
HONI L dV9 //\\\
T 00¢
(JILIHLINAS)
110 ANISHNL INIONI \
N
/
(AVHININ)
\ ANNOSYD 1N2-3aIM u::<zo>:
/ 00?
/ / /r 40 JUNLVHIAWIL
(Asva INODIIS) ilvid dO1
110 JNNVHAAH
/// 009




FIRE RESISTANCE OF HYDRAULIC FLUIDS

88

* SPINTJ SNOTIBA JIO0J S§OTIEpuUNcq uotqTuly - 81a o3eid 30y 913838 °*6 Sam3tg

v L8T 1S

do 3UNLVYIdWIL 31VId WOLL08

000t 006 008 00! 009 00s aeﬂ
INISOYIM
/ 00}
/A«
\ \ | \ | 007
(JILIHLNAS) (TVHINIW)
TIO INIGHNL INIONI TIO JITNVHAAH
[ 00
/\ do JUNLVHIdINIL
31Vid dOL
: 00V
x/ INITOSVO LND-3IAIM /
(3Svg INODITIS) -~ 00S
JO JNTINVIAAH
009
N
/ 130 NIV1d 3914140
OI4LIWOIHIIOLS X £ STHONI € dV9 00!




89

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

' SPIOTS SNOTIBA JI0J S3TIRPUNOQ UOTE3Tud] - 8Btax a3erd 30y 913838 °*Ql oandtd

Vv 98T 1§

do FUNLVHIdNIL 31vid WOL1108

0001 006 008 002 009 00S ooy

13F Niv1d 3214140
JIULINOIHIIOLS €

SIHINI 9 dV9
\ A //

\ 002

ANITOSYO 1NJ-3aim

/ (IVHINIW)
\ / 10 JINYVYHAAH -
!
(3sva uzowz_mv/

TI0 JINMNVHAAH

4o RAUNLVHIdINIL

\\// 31v1id dOL

R INISOY3IN

009
/
(QIL3IHLNAS) / /

1o wz_mmD._._ 3NION3




FIRE RESISTANCE OF HYDRAULIC FLUIDS

90

Y 48T 1S

* U3FUeg}s eINIXTW JO 300JJH

IYLIWOIHDIOLS X

8tx eyerd 30y oTye3§ L oandTg

14 4 i 0
ol 6 8 9 S 00v
00s
4,00¢ 4o FJUNIVHIdNIL
JANLVHIdWEL 1000 31vi1d WOL1109
31Vid dO1
4000¢ 009
13r NIV1d 3914140
HONI € dV3
00l




91

GOODALL AND {INGLE ON IGNITION BY HOT SURFACES

v 06T 1S

0001

' uoTqeZTWOLR PINTJ JO 308134 *2L sandtg
Jo WNLVEIdWNIL 31VId WOoLll109
006 008 0oL 009 00§ ooy
¥ 00}
- NOLLYZINOLVY
13r andn mz_mommx/V/ WAWININ
A INISOUIN
S \ 002
)
\
00g
do JUNLVHIdWIL
3lvid 4Ol
e oov
NOLLVZINOLY WANIXVIN-INISOHIN N
>N 005
JI4LINOIHDIOLS X€ 009
SIHONI € dV9

00,



FIRE RESISTANCE OF HYDRAULIC FLUIDS

92

L6t 1S

uorjezrmoje PINTI Jo 12933F ‘€T 2inl1j

33N1vY3IdNIL 31vVId WOi108

\

000t 006 008 0oL 009 00¢ caec
JIHLIWOIHOI01S X €
SIHONI ¢ dY9
NOILVZINOLY NOILVZINOLY WNWININ
/ / ﬁ WNWIXVI \ (IVHINIAY)
\ (IV43NIW) MO JIINVHAAH
\ | 110 002
JIMNVYAAH

Jdo 3UNLVHIANIL

13ir ainon

\
\/ ) 31v1d dOL
13r aindon \ o
) 1/
NOILVZINOL // 0
NOILVZINOLY WNNIXVIN \
WNWININ (OILIHANAS) N\ |
(OILIHLNAS) 10 INIgUNL /
110 INIGHNAL INION] INIONI
009




93

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

vier 1S

‘4 8op sanjeiadwsl uwor3iTudT 93BTd WoO3l0g 4 2andrg

JI41IWOIHIIOLS XE€ NOILVZIWOLY WNWINIW  SIHONI € dv9  3INISOYIN
\ 3DV44NS QIINIV4 IVd
16V | ¥0S | V1S | STS | VES | S¥S | 09S | TLS HLIM 31V1d AGTIV WOINIWATY
3DV44NS QILNIVd WNINIWNTY
8y | 96F | 015 | TLS | 615 | 8ES | 6¥S | 195 HLIM 3LV1d AOTIV WNINIWATY
Q3ISIQONY 31V1d AOTIV WOINIWATY
96 | 0TS | 9€S | LVS | 99S | 199 | 0LS | 18S L1 SV 3LV1d AOTIV KAINIKAIY
16V | ¥0S | 91S | STS | 9€S | LbS | 199 | LLS NOSINVAWOD 404 133LS SSTINIVLS

00S | 0S¥ | 00F | 0SE | 00€ | 0ST | 00T | OSI
DYINNS ILvId
4. JUNLIVYIdWIL 31VId dOL




FIRE RESISTANCE OF HYDRAULIC FLUIDS

94

* ToaoT ®Bos 3B Arepunoq UOT4TUST - FTJ Touunyg puty  *GL eandtd

v cer 1S

do JUNLVYIJWIL HOOTITINNNL

0051 00O%L 00SL 00ZL OOILL 0001 006 008 00.L 009
2
==
=
e
.
I
~ ¥
-s~\
.vw
[

91Sd 000) = = = =
91Sd 00§ =—ememm=

91Sd 0§ c———

34NSS3¥d NOILIAMNI
INISOHIN aInTd

0

l

Z

¢

L4

S

9 *035/14

;  13IN173NNNL LY
ALID0T3A HIV 3N¥L

8

6

0l

11



95

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

Y¥6T 1S

0¢ 8l

® epPN}TiTe 3% Arepunoq uotTyTuST

9l

14 cl

- 3ZTx Teuuny puty *9} oIndid

1334 0001 — 3ANLILIV
9 1 4 4 0

oL

N

doLL21

N - o

D4

[y

4

c
-

— D1Sd 00§ 34NSS3Idd NOILIICNI

INISOY3IN ainid

4,980

e & O ~ ©

*03S/14
—13INI
JINNNL 1V
ALID0M13A
div 3Nyl



FIRE RESISTANCE OF HYDRAULIC FLUIDS

96

v $6T 1S

T epnyTiTe je Arepunoq uoTyTUST

- 31x (ouung PuTyh

-

0002t  goog

JTsd 008
3YNSSIYd NOLLIIANNI
INISO4IN aIn14

*/l) eam3ty

03S/14
© 13IN) TANNNL 1V
ALIDOTAA HiV INYL



97

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

soueeq }®eY jueTPRy - STI o3eld 30y OTjey§s  *gl oJndTd

¥ 96T 1§

do SV9 40 JdNLVHIdWIL

0S¢ 00S oSy 00 0se
olL-
m..._%-gi
m -
2 A 2098
d3H — -~
ZanLraanat NN AyHas B |
uz.“w_“ﬁu: J01x4003S,14/N18-SVO
SIHINI ¢ dYH OLNI MO14d LV3IH
¢
\ oL

v

31lvid NWOL11089 IHL dV3IN
JONVIVE 1V3IH LINVIaQVvy
1

S1



FIRE RESISTANCE OF HYDRAULIC FLUIDS

98

*oangeasdue} UOTITUST snosuejuods wnuTUTy - STOSS®A DPOSOTH *6) oanlTd

88159 "N j
140d3H INIWHSITAVLS3
LAVHOUIV WAOH WO B
39N00UIY  NOTLOIPNI
4N0dVA INISOUIN aind

v 26T 1S SIHINI-HILIAVIA TISSIA
02 8. 9L W2 o 8 9 v 2 0
00¥
'Sd {-p}
__ VTSd 8 0zp
AN —lovy
.<._.w.& v// / /// do JUNIVHIdWIL
N\ \ 09¥
/V

08y

Lﬁ 00S



99

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

*eanjegsdme; uOTHTUST snosurjuods wnWTUTH -

¥ %L 18

91

| A} ¢l

0-1

Nkwmzuz_hv

ST9SS9A PISOTH

-

*0¢ dandtg

NOILIIPNI HNOdVA
INIS0HIN ain1d

‘VIO'NI ¥

‘VIG'NI 81

‘'VIG'NI V|

L

_\\_ -
N
IIAVAN

4. 3

AV
zﬁaww(

09¢

08¢

——00¥%

ozy
ory
UNLVHIdWIL

09y

08y

00S



100 FIRE RESISTANCE OF HYDRAULIC FLUIDS

‘o3eTd wo3joq eup geau SeyrTJoxd sxmysandme] - STa o1eTd q0y 0T3BYS °|Z oIndtd
ooe s g-(SIHONI)
] 14 13 4 } c__cn
I —T T T T ]
S3IHONI 4 . X 10 20 | €0 . 06§
¥0 90 \“ 2Ls
| \ 0o¥
-
_ c do
Juniviidwil IUNLVUIdNTL
w:._ woLLo8 JUOLXII
00§ === 8 _ — 008
gIg — . Z INIS043IN aIntd
985 — .- =7 dvd HONIE
vss =
aus
065 — AYVANNOG NOLLINOI
L 009




101

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

*£repunoq pue saangyeaodwe} UOTRTUSI -~ 9ITx o93eld 30y °T38B}S °*2Z o2Indig

v 10€ 1S

«A-Gw:uz_ 1)

g p ¢ z I 0 0
dvo
HONI €
/ — ooy
-
4
%-123+068=31 —
1 JHNILVIIdNIL
\ m&\ nLan
o g N
\\.\ HONI 9 INISOHIN 1N
r 009




FIRE RESISTANCE OF HYDRAULIC FLUIDS

102

v Tot s

‘' SPUT} 3TSUBIG Pue seuT} ABTSP UOT3TUST

*¢g oIngtyg

01X ¥o™~ JUNLVHIdWIL FUNLXIN TVI0udIDIY

o'l i1 0l 60 80 0 eé—a
i T ‘IJI—"DAI\ .
| 4, STUNLVHIAWIL 006 009 00L 008 006 00l
\ — / 1
IMIHAS HONI 8 - 4// S335~ AV13Q
HSSIA GISOIIN 914 TINNNL GNIM NOILINSI
/ A/J_<o HONI € ‘
Ol JI1Vis INISOHIN aind
a f\ Joot




103

GOODALL AND INGLE ON IGNITION BY HOT SURFACES

¥ €0t 1§

9

* £repunoq pur ssangerodus) UOT}TUST

z
1

14} 43 ol

_(SIHONI 1)

- 3T Teuuny puty

14

|

_ |

N |

.

03S/14 S3IILIOOTIA HIV MOHS SIYNIId INISCHIN aINl4

i

%2 aIn3td

00%

%_19g+£8¢ =31
7 }
JNILL AVI3a WOoY4d a3AlM3Ig .nﬁ )
SLNIOd NOILINSI1 1 4
S
| 2

SIN40Ud IUNLYUIdINIL

WOu4 d3iAt¥3Ia
S1NIOd NOILLINOI

s

s

00V

do
JUNLVHIdWNIL
JUNLXIN

0001

\

00¢i



104 FIRE RESISTANCE OF HYDRAULIC FLUIDS

¥ ¥0€ 1§

*uoTaTU8T encousjuodg Jo ssTarvpuUnNOg

°Gg 2an3tg

5-(STHONI )
148 4! 0l 8 9 14 4 0
002
1]1}4
S1S3L 3ivid
LOH J1LyLS ——>
009
\ Sisil JANLVAIAN
\ 13SSIA QISO1D T
008
S1S3L
1INNNL ONIM
0001
INISOd3IN aInd
1 _ 00zt




EARLY AND HATTON ON FLUID FIRE-TEST PROGRAMS 105

INDUSTRIAL AND ASTM FLUID FIRE-TEST PROGRAMS

By C. L. Earlyl and R. E. Hatton?

REFERENCE: C. L. Early and R. E. Hatton, "Industrial and
ASTM Fluid Fire-Test Programs," Fire Resistance of Hydraulic
Fluids , ASTM STP 406, Am. Soc. Testing Mats. 1966.

ABSTRACT: As the use of fire-~-resistant hydraulic
fluids has increased over the past 15 to 20 years, so
has the number and types of tests used for assessing
fire resistance. Organizations which have studied
this nebulous fluid property include ASTM, Factory
Mutual, SAE, Underwriters' Laboratories, U.S. Bureau
of Mines, U.S. Military groups, and several corpora-
tions. Tests developed by these groups fall into
distinct classes; for example, pressure-spray,
molten metal, hot manifold, wick type, etc., but
many variations exist among specific procedures of
a given test type.

A special group - Section VI of Technical Division
N of ASTM Committee D-2 -~ was established 10 years
ago to study fire resistance of fluids, but its
progress has been slow. A major problem confronting
industry today is the lack of test standardization
and interpretation of test results to adequately
measure fire resistance of fluids. Cooperative
effort is recommended.

KEY WORDS: fire resistance, fire tests, flammability,
hydraulic fluids
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Since World War II much time, work, and money have
been devoted to the development of tests to measure
the nebulous property of fire resistance of functio-
nal fluids. Organizations which have studied fire
resistance include government and military groups,
private testing organizations associated with insur-
ance interests, technical societies, and individual
companies. Communication and agreement among these
testing groups generally has not been good, resulting
in considerable duplication of effort. Such dupli-
cation is not necessarily undesirable since a
greater number of test variables have consequently
been evaluated.

This paper describes (1) the general types of
industrial-fluid fire tests now in use or under
development, (2) differences in techniques and con-
ditions employed in performing specific types of
tests, and (3) historically, the activities of ASTM
regarding fire testing of fluids.

Review of Tests Emploved by Various Organizations

The following organizations have listed test
specifications or typical procedures for measuring
fire resistance. 1In addition, some of the organi-
zations are continuing test development work, either
to improve existing tests or to provide entirely new
methods.

American Society for Testing Materials

(Committee D-2)

Factory Mutual Insurance Division

Society of Automotive Engineers (AMS 3150 C)

Underwriters' Laboratories, Inc.

U.S. Bureau of Mines

U.S. Bureau of Ships (MIL-H-194573)

U.S. Military (MIL-F-7100)

Various corporations

With the exception of sped fications and pro-
cedures developed by individual companies, which are
sometimes treated as proprietary information, all
other organizations have published their test
methods. Some of the important characteristics of
test methods reported by the above organizations
(except corporations) are presented in Table 1.

It should be noted that frequently one type of
test is employed by several organizations and that
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specific conditions for a given type of test may or
may not vary from one organization's procedure to
another. A suggested classification of test types
is shown in Table 2.

Major differences in test procedures used by
different testing groups for each classification
(except Special) are shown in Table 3. When flash
and fire points are specified, ASTM Methods D 92 and
D 93 are used. The ASTM Autogenous Ignition
Temperature (AIT) Method (D 2155) is commonly speci-
fied for industrial fluids, but other techniques are
sometimes used by other groups, especially in the
aerospace industry, to determine AIT. Experience
has shown that minor changes in conditions can cause
relatively large differences in AIT.

Conditions for performing the high-pressure spray
ignition test vary rather broadly. The oxyacetylene
torch (about 5000 F) is the most common ignition
source used, but the Bureau of Mines and Underwriters
Laboratories employ several different ignition
sources. Most groups test with a nitrogen pressure
of 1000 psi on the fluid. However, Underwriters'
Laboratories also test at lower pressures and the
Bureau of Mines use 100 psi fluid pressure. Two
groups perform this test at bulk fluid temperatures
of ambient, two at 140 to 150 F, and Underwriters'
Laboratories at temperatures ranging from ambient
to over 200 F.

Orifice diameter and geometry vary, but a
diameter of 0.0145 in. is most common. Experiences
of the authors have shown that high-pressure spray
test results can be substantially affected by changes
in fluid temperature, droplet size, type of ignition
source, and fluid properties such as viscosity,
density, and surface tension.

In the high-pressure spray test, it is common to
use as a criterion of fire resistance the propensity
of a given fluid to propagate a flame downstream in
the same direction as fluid flow. In practice, how-
ever, a major hazard is the tendency of flame to
propagate "backward" from an ignition source to a
line break. For example, a stream or spray of fluid
from a broken hydraulic line on a piece of mobile
equipment can be ignited by molten metal, hot steel,
etc., propagating flame back to the mobile unit, and
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endangering the driver. An improvement over present
high-pressure spray tests would be a means of
measuring this "backward propagation” tendency. A
stardardization of droplet size, now essentially
ignored, would seem desirable.

Low-pressure spray ignition tests are not commonly
used. This type of test is considered important,
however, since high-pressure line breaks in service
may become low-pressure breaks within seconds. Con-
siderable progress has been made in developing a
simple and convenient low-pressure spray test by one
U.S. corporation. Low-pressure spray tests in which
the fluid mist is produced by air aspiration may
give results greatly different from those in which
the mist is produced mechanically. This phenomenon
may be due to differing air to mist ratios.

Hot metal test conditions vary greatly among
different testing groups. Two groups employ an
inclined cylindrical manifold heated to about 1300 F
as the major test equipment. Factory Mutual employ
a channel iron inclined 30 deg from horizontal and
heated to 1300 F, whereas Underwriters' Laboratories
normally use horizontal plates of three different
metals heated to 1022 F for test purposes. Some-
times the quantity, rate, and method of fluid appli-
cation and criterion of fire resistance are speci-
fied, sometimes not. As in the case of pressure
spray tests, there is a real need for definition and
standardization of hot metal type tests.

Surprisingly, molten metal tests have largely
been overlooked by testing organizations except
Underwriters' Laboratories and individual companies.
Probably more fire-resistant hydraulic fluids are
used in the die casting of aluminum and zinc than
any other single application. Quite often, fire-
resistant fluids will flash when in direct contact
with molten metals in the 800 F (zinc) to 1200 F
(aluminum) range. Test parameters which need de-
fining and standardizing are quantity, temperature,
and method of application of fluid, gquantity and
surface area of the molten metal, metal temperature,
effect of external ignition sources, measurement of
rate of burning (if any) on the molten surface, and
assessment of tendencies to propagate flame to
fluid-wet areas adjacent to the molten metal surface.
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Flammability wick tests are used by most
organizations. Generally, test conditions involve
cycling a fluid-soaked pipe cleaner through a de-
fined flame. The effect of evaporation of volatile
(snuffer) components from fluids can be measured in
this test by oven evaporation tests prior to fire
testing. Careful control of test conditions; such
as oven aging times and temperatures, cycling rate,
location, control and type of flame, and amount of
fluid on the pipe cleaner, is essential for
reasonable test repeatability. The Underwriters'
Laboratories asbestos strip test is entirely
different from the cycling pipe cleaner types, but
is related in that fluid-burning characteristics are
assessed under thin-film, high-surface-~area condi-
tions.

Other tests which should be mentioned because of
their practical importance are those employed and
sometimes specified by individual companies. A
number of typical industrial tests in this category
are shown in Table 4.

As the test descriptions in Table 4 show, methods
developed by individual corporations are sometimes
rather specific and generally quite practical. The
cardboard test is used by a company in the die-
casting business because many large cardboard boxes
for receiving and shipping goods are situated
throughout its plant. A hydraulic-line break from a
die-casting machine could soak cardboard boxes with
fluid. The company desires that only those fluids
be used in die~casting machines which will not allow
“"continued burning® of fluid-wet boxes in the event
of fire or localized burning on the molten metal
surface.

The mannequin-hot-plate test simulates a potential
fire with a man standing near an ignition source. To
some degree it is a combination high-pressure spray,
hot metal, and flammability wick test. Much work
could be done on this test to determine the effects
of the many variables involved.

The in-plant molten metal test simulates a
hydraulic-line break in which fluid is sprayed on a
molten metal surface and adjacent cool surfaces.
Flashing or burning of fluid on a molten metal
surface is not considered a serious hazard, but
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propagation of flame away from the ignition source
represents a very serious hazard.

Despite their specificity, important aspects of
these practical user tests could well be incorporated
into tests developed by ASTM and other independent
groups. It is extremely important that fire test
methods simulate or take cognizance of all conditions
that may exist in actual fluid use, both within and
outside the operating system.

ASTM D-2 Technical Division N Programs

Because of steadily increasing interest in
hydraulic fluids and the introduction of numerous
synthetic types, ASTM organized in 1955 Technical
Committee N on Hydraulic Fluids under ASTM Committee
D~2 on Petroleum Products and Lubricants. The basic
responsibilities of Technical Committee N are to in-
crease and disseminate knowledge and to Standardize
the specifications, test methods, and nomenclature
in the area of hydraulic fluids. As a basis of the
committee organization, it was agreed that the
establishment of standard test procedures applicable
to all types of hydraulic fluids and the definition
of performance requirements in all end uses were the
important areas to be considered. Consequently, a
number of sections were established and Section VI
was assigned the area of fire resistance of hydraulic
fluids.

The organizational meeting of Section VI was held
February 7, 1956. At this meeting a section scope
was adopted as follows: "The study of fire resistant
and flammability characteristics of hydraulic fluids
and the development of test methods for their
measurement." At this first meeting, it was agreed
that a questionnaire would be circulated seeking
information on all flammability test methods used by
the various members of the committee. Comments were
also requested concerning the significance of each
test. At this meeting, it was also suggested that
a panel be established to assemble data on the causes
of actual hydraulic fluid fires. Such data would
then be used to guide test method development.

Analysis of the returned questionnaires indicated
that too large a number of tests were in use to allow
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any selection for round-robin testing. It was
therefore agreed that the best approach to the
problem would be to evaluate a series of standard
reference fluids in each of the tests proposed by
the various members. The results would then be
collected and analyzed and some selection made of
specific tests for further study. Six types of
hydraulic fluids were included in this program:
water~base (glycol), phosphate ester, petroleum oil,
halogenated-base, phosphate ester-base, and oil-water
emulsion. Standard samples of these reference fluids
were sent to all those interested in cooperating
with the program. A Study Group on Origin of Fires
was also established.

By February, 1959, data had been submitted by 19
laboratories using the six reference fluids in 18
different procedures. These data were reviewed by
an appointed Analysis Panel which recommended that
two sub-sections be activated to carry on further
work. One sub-section was to be concerned with
spray-type tests. The objective of this group was
to review the data accumulated on spray tests, to
correlate such data with information from the origin
of fires study and to devise one or more composite
methods which would have the greatest possible
significance in terms of field service. It was ex-
pected that round-robin testing would be reguired to
arrive at workable procedures.

The other sub-section was to work on six
relatively simple, non-spray type screening tests
which in the opinion of the Analysis Panel showed
considerable promise. These methods were selected
to provide a range of ignition sources such as
open flame, hot metal, hot glass, molten metal,
radiation, electric arc, and bulk fluid, absorbed
fluid, or sprayed fluid. The six methods suggested
for further study were the hot manifold test, the
molten metal pour test, the pipe cleaner-~radiant
test, the Tonawanda spoon test, the modified flame
propagation test, and the pipe cleaner-burner test.
Some of these tests had been run by only one
laboratory, and therefore it was necessary that
additional work be done to establish their relative
usefulness. Thus, the six methods were compiled and
submitted to the potential round-robin cooperators.



112 FIRE RESISTANCE OF HYDRAULIC FLUIDS

Subsection I on Origin of Fires collected and
analyzed data on fires which involved hydraulic
fluids. Data obtained on 308 different fires,

(88 aircraft, 161 industrial, and 59 mining) were
studied from the standpoint of ignition source.

The following conclusions were offered by this study
group:

1. "Ignition by hot surfaces, the most important
ignition source, caused 46% of all fires. 1In air-
craft applications, there is a significant trend
toward increased relative importance of hot surface
ignition. "

2. “"Chemical spark ignition accounted for 25% of
all fires. This ignition source is of minor
importance in all but mining applications, where it
is of over-riding importance, accounting for 95% of
all mine fires."

3. "Open flame and frictional ignition source are
of minor importance, together accounting for only
13% of the fires."

4., "Molten metal ignition is of significant
importance in industrial applications, causing 32%
of industrial fires."”

During the next few years very little success was
obtained in securing any real progress on round-
robin testing in the development of standard pro-
cedures. This was attributed to the press of other
activities and considerable difficulties in
developing consensus of opinion on test conditions.

In an effort to increase interest in the Section
VI activities, an informal symposium was held in
January, 1963. Six presentations, accompanied by
slides and movies, demonstrated fluid flammability
testing. This symposium pointed out the extreme
difficulty of testing fluid fire resistance, the wide
range of parameters involved, the range of per-
formance of various types of fluids in different
tests, and the requirement for more than one pro=-
cedure to adequately describe fire resistance.

Early in 1964 a survey was sent to all members of
Section VI and other groups who had expressed some
interest in fire-resistance tests. The purpose of
this questionnaire was to determine the extent of
interest in or need for the development of bench-
test methods for examining the fire resistance of
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hydraulic fluids. By the end of 1964, 32 out of

102 questionnaires had been returned. These answers
were used to reorient the Section activities. Four
task groups were organized under Subsection II

Bench Test Method Development, each to work on a
specific method aimed toward developing a standard
procedure. These four task groups are 1) Hot
Manifold Test, 2) Molten Metal Test, 3) Pipe Cleaner-
Burner Test, 4) Modified Flame Propagation Test.
Subsection III on Development of Spray Test Methods
was continued and is actively working on one test
procedure aimed toward round-robin testing. It has
been recognized that any one spray-test method will
probably not be acceptable to all groups.

This review of the activities of Section VI on
Fire Resistance of Hydraulic Fluids indicates very
little progress in developing standard test methods
over a l1l0-year period. Much of the delay can be
attributed to the difficulties in finding test
methods suitable for wide ranges of chemical
materials which burn in different ways and which
show variable performance in different tests.
Section VI has served a useful function in calling
attention to the problems involved in fire testing,
in spreading information and knowledge about fire
resistance, and in defining fire hazards in indus-
trial, mining, and aircraft operations. Future
Section VI activities should perhaps be aimed more
at test standardization than test development in
view of the multiplicity of existing simulative
tests described above.

No discussions of ASTM activities on fire
resistance of fluids would be complete without
mentioning previous work on flash and fire point
test methods. These methods are well accepted and
are useful in assessing flammability under certain
conditions. Care should be exercised in inter-
preting the results in relation to actual fluid-use
conditions.

Research Division XIII of ASTM Committee D-2 has
recently studied autogenous ignition temperature
tests and developed a new procedure, now adopted as
Tentative Method D 2155. This method shows good re-
producibility on hydrocarbon products. Research
Division XIII has asked Section VI to determine
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the applicability of this test method to other types
of chemicals.

Conclusions

Field experience has demonstrated that fire-
resistant fluids make a real contribution to in-
creased safety of operations. Although the term
"fire resistance” is difficult to define, consider-
able progress has been made on the development of
meaningful tests by fluid consumers and producers,
government agencies, and independent testing organi-
zations. It has been recognized that use conditions
determine the degree and type of fire resistance re-
quirea in any specific application and that several
bench tests may be required to assess adequately the
fire resistance of any given fluid. A number of test
procedures have been developed which are applicable
to specific fire hazards. Effort is needed to define
further fire hazards as influenced by use conditions,
to devise more simulative test techniques, and
particularly to standardize specific test methods.
The hazard of fluid fires is real. The reduction of
this hazard by the use of less flammable fluids
should be of primary interest to the entire industry.
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Table 2--Classification of Current Fire Tests.

Flash and Fire Points
Autogenous Ignition Temperature
High-Pressure Spray Ignition
Low-Pressure Spray Ignition
Hot Metal

Molten Metal

Flammability Wick

Special?d@

@ Generally, tests in this classification
are those employed by only one
organization; for example, incendiary
gun fire test, explosive range tests, etc.
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Table 4--Special Corporate Fire Tests.

Cardboard Test

One end of a corrugated cardboard strip is soaked
with test fluid, drained, and the dry end ignited.
Test criterion is whether there is an increase, de-
crease, or no change in flame intensity when the
flame front reaches the wet section. The flame is
extinguished by some commercial fire-resistant
fluids.

Mannequin Hot-Plate Test

\ A clothed mannequin is placed near a vertical hot
steel plate. A stream or spray of test fluid is im-
pinged on the plate. The minimum distance the
mannequin can be placed from the hot plate without
catching fire in a short time interval can be taken
as the criterion of fire resistance. Variables which
should be controlled are many; for example, tempera-
ture, pressure, droplet size and duration of fluid
stream, hot plate temperature, orientation of
mannequin and hot plate, and type of cloth on
mannequin.

Special Pressure Spray Test
Similar to the mannequin hot-plate test, but the
mannequin is omitted.

In-Plant Molten Metal Test

This is an in-plant test whereby materials and
equipment adjacent to a commercial vat of molten metal
are wet with test fluid. A continuouous film of
fluid is formed from these wet areas leading into the
vat of metal. Criteria of the test are the burning
characteristic of the test fluid on the molten metal
surface and flame propagation tendencies adjacent to
(cool) fluid-wet areas.
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Table 4--Special Corporate Fire Tests,
(Continued)

Meker Burner Test

Similar to the Bureau of Mines' pipe cleaner
test, except a larger and hotter (Meker) burner is
used.
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MINIATURIZED TESTS FOR FIRE RESISTANCE OF
HYDRAULIC FLUIDS

By D. E. Johnson® and N. W. Furby?

ABSTRACT: Some of the conventional tests for
assessing the fire resistance of hydraulic fluids
use relatively large amounts of fluid in relation-
ship to guantities available from exploratory
research programs. To alleviate this problem,
four miniaturized tests were devised for evaluating
fire resistance of aerospace fluids. These were
intended to simulate the following normal-size
tests: (1) flash point (Cleveland open cup),

(23 hot manifold, (3) low pressure spray, and

(4) high pressure spray. The microflash apparatus
uses a spark plug and a heated aluminum cylinder.
Three drops of fluid are applied at each tempera-
ture of the test. Results were somewhat higher
than for full-scale equipment. Low pressure spray
test employs an airless spray gun (rotating disk)
with reservoir modified to hold a small volume of
fluid. In the high pressure spray apparatus, gas
pressure forces fluid from a small orifice in
stainless steel tubing, and only 20 ml of fluid is
used in each determination. The small-scale hot
manifold test uses a 1/2-in., diameter stainless
steel heater. These miniaturized tests require a
total of 406-ml of fluid, as compared to about 2500
required for the corresponding Ifull-scale tests.
The small units are easy to operate, and repeat-
ability is good.

KEY WORDS: {ire resistance, flammability,
hydraulic fluids, f(lash point, hot manifold test,
spray Tlammability test, fire tests

1Mechanical Engineering Dept., University of Idaho,
Moscow, Idaho.

2Chevron Researcn Co., P.0. Box 1276, Richmond,
California <4802,

Copyright® 1966 by ASTM International WWW.astm.org
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Only very small quantities of newly synthesized
compounds are available in early stages of explora-
tory research on hydraulic fluids. We have devised
miniaturized versions of four existing flammability
tests to facilitate early judgment of the fire
resistance of these new materials. This paper
describes these tests but does not discuss the
value of such tests as related to the end use of
fluids.

The four miniaturized tests are (1) flash point
(Cleveland open cup), (2) hot manifold, (3) low
pressure spray flammability, and (4) high pressure
spray flammability. Some of these can be related
to the test methods of Specification AMS-3150C [1]7%
As little as 40 ml of fluid is required to obtain a
flammability rating by the four micromethods. (The
full-scale tests would require about 2500 ml. )

FEach test method is detailed as follows:

Microflash Test

The microflash unit was developed to provide
flash point data on small experimental samples for
which there was insufficient quantity to run
Cleveland Open Cup (COC) flash point [2]. The
microflash unit consists of a heated aluminum block,
which has a small cup and a small spark plug.

Fig. 1 is a cross-section drawing of the apparatus.
Fig. 2 1s a photograph of the apparatus and shows
the variable transformer control, the spark plug,
the control button, and the insulated, heated
aluminum block,

Aluminum foil disks are placed in the pan for
each test in order to avoid effects of residual
decomposition products. A six-volt, dry cell
battery furnishes the electric energy; and this is
transformed to high voltage by an automotive spark
coil. The spark plug electrode is located 3/16 in,
above the pan surface. Tests can be run in two
ways: (1) For initial screening purposes, the
block temperature is held at 450, 500, and 550 F;
and the lowest temperature at which flash occurs is
noted. (2) A more definitive procedure consists of
increasing the block temperature in 50 F increments
until flash occurs, then lowering the temperature
in 5 F increments until flash ceases to occur. In
this routine, the lowest temperature at which flash
occurs is reported. Fig. 3 shows results as com-
pared to the full-scale COC flash points. The

5The numbers in brackets refer to the list of references
at the end of this paper.
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sample is introduced in all cases by a 5-ml syringe
and 26-gage needle. Three drops are placed in the
pan before each determination, and spark is applied
30 sec later. As suggested above, some experimental
fluids require a new aluminum pan before each
sample introduction because the decomposition resi-
due produced alters the flash point. Fig. 3 shows
that the microflash unit produces flash tempera-
tures approximately 20 F higher than COC. This is
believed due to a slightly different vapor-air
ratio at the ignition point.

Small-Jscale, Hot
Manifold Test

Hot manifold ignition sources have become less
important in the jet age. However, hot surface
ignition at brakes is a similar hazard. The
standard hot manifold test eguipment [1] is rather
large and uses considerable hood space. A smaller
version and one requiring less sample was desired.
The small-scale apparatus is shown in Fig. 4. The
250-w heater, variable transformer, and 5-ml
syringe are visible. Details of equipment used
appear in Fig. 5. The thermocouple is Chromel-
Alumel bonded to the inner side of the stainless
steel heater. The standard hot manifold test is
run at 1300 F. However, because the tube diameter
of the standard size is larger, producing longer
fluid residence time, it was necessary to raise
the temperature of the small-scale device to 1450 F.
This temperature was selected because a reference
fluid burned at this temperature similarly to the
result on the full-scale manifold at 1300 F. Fluids
are given a numerical rating determined by the
extent of burning and whether or not the fluid con-
tinues to burn as the drops fall below the hot tube.
This test requires 5 ml of fluid.

Low Pressure Spray
Flammability Test

The low pressure spray flammability test was in-
tended to provide small-scale results that would
correlate with the spray flammability test of
ASM-3150C [1]. The low-pressure spray test was
based on suggestions of L. S. Sargent, Jr., and
D. H. Nail and in connection with our ASTM
Technical Committee N work except we devised a
modified reservoir to lower the capacity. Fig. 6
shows the finished apparatus, which i1s an Electr-
0-Airless paint gun [3] (rotating disk) mounted on
a stand. The dimensions locating port opening with
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relationship to the Bunsen burner are shown in Fig.
7. The gate opening on the gun is fixed at 1/4 in.
by a mechanical stop. The cone form (Fig. 8) was
constructed to make aluminum foil cups to hold a
small sample size for screening tests. The cups
are formed by pressing foil by hand about the form.
The formed cups are placed in the original reser~
voir.

Test conditions employ the "fast" setting on
the paint gun, a natural gas flame which is lazy
and mostly yellow, and preheated fluid samples
(140 to 150 F). The test appears to be extremely
critical as to fluid viscosity. Low viscosity
fluids are sprayed more readily by the paint gun,
and this affects the flammability result. Tests
are currently being conducted on this apparatus to
relate flame size to viscosity. Flames produced
are photographed on black and white film and are
rated small, medium, and large. Approximately 40
ml of fluld is required to run this test, of which
about 10 ml is consumed; the remaining 30 ml is
recoverable for other tests. Usually, this test
is run first on small experimental samples and
followed by the other tests.

High Pressure Spray
Flammability Test :

A small-scale, high-pressure spray flammability
test was developed to permit testing of 20 ml of
fluid as compared with about 2500 ml required for
the normal apparatus. (High-pressure spray tests
are intended to simulate spray from leaking
pressurized hydraulic lines.) Fig. 9 shows the
apparatus installed out-of-doors. Outdoor or
large hood operation is recommended because of the
copious fumes produced by some fluids., Fig. 10 is
a schematic showing the pilot-operated solenoid
valve, nitrogen gas bottle, reservoir column, and
0.006-in. orifice. Fluid is introduced through
the valve at the top, and the tubing is filled (30
ml). Valves are closed, and an acetylene torch is
ignited and held 4 ft from the orifice. Push-
button operation of the solenoid valve places
2000-psi nitrogen over the fluid column. Fluid
sprays from the orifice, and the operator moves
the torch toward the orifice., Distance from the
orifice where ignition occurs and flame size are
reported. This test appears to correlate to some
extent with both the full-scale, high-pressure
spray flammability test,and also the new low-
pressure spray flammability test.
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Assembled

Fig. 2--Microflash Apparatus (Assembled) and Test Cup.
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Fig. 3--Flash Points of Hydraulic Fluids Micro Versus
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Fig. 4--Photo of Small Scale 'Hot Manifold' Apparatus.
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Fig. 5--Diagram of Small Scale "Hot Manifold'' Apparatus.
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Fig. 6--Photo of Low Pressure Spray Flammability Apparatus.
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Fig. 7--Diagram of Low Pressure Spray Flammability Apparatus.
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Fig. 9--High Pressure Spray Flammability Apparatus.
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SPONTANEOUS IGNITION TESTING FOR HIGH SPEED AIRCRAFT
By W. F. Hamiltonl and R. A. Holloway2

ABSTRACT: The hydraulic systems of supersonic aircraft which
are designed to cruise at altitudes of approximately 70,000 ft
must operate under conditions which impose severe physical and
chemical stresses on the fluid. Appraisals of the thermal sta-
bility, the oxidative stability, the lubricity, the effect of
close-tolerance moving parts, and the flammebility of the fluid
should be made before its pumpability is determined. Perfor-
mance tests have been selected which permit a practical esti-
mation of the five prerequisite factors, but the most complex
and difficult evaluation is that of flammability.

Under precisely defined conditions, spontaneous ignition of a
flammgble fluid occurs in the presence of an oxidant only when
the temperature is at or above that required to generate heat
by oxidation at a rate which is greater than the rate of the
dissipation of this heat to the surroundings. This tempera-
ture may or may not be the "spontaneous ignition temperature"
as preflame of combustion usually occurs by reaction mechanisms
which differ from those encountered in the flemes themselves.
However, ignition will not occur below this temperature, so in
order to evaluate the hazard of a hydraulic fluid fire in high
speed aircraft, measurements must be made in surroundings

which closely approximate the actual environment and conditions
in the airplane. Essentially, for aircraft now being developed,
this entailed the fabrication of a small hot compartment of
titanium alloy, using milled skins with typical stiffeners and
fastenings, means for introducing precisely variable quantities
of hot, atomized test fluids, controlling and measuring temper-
tures and pressures ("altitudes"), and also measuring pressure
transients and ignition delays. The resulting apparatus,
measurements and techniques are described and discussed.

KEY WORDS: fire resistance, flammebility, fire tests, spon-
taneous ignition, hydraulic fluids, supersonic transport

1 Structures and Materials Laboratory, Chemical Group, Rye

Canyon, Lockheed-California Company, Burbank, California.
Structures and Materials Laboratory, Physics Group, Rye
Canyon, Lockheed-California Company, Burbank, California.

2

Copyright® 1966 by ASTM International WWW.astm.org



HAMILTON AND HOLLOWAY ON SPONTANEOUS IGNITION TESTING 151

Aircraft designed to cruise at altitudes of approximately
T0,000 ft at speeds approximating Mach 2.7, impose severe high-
temperature stresses and severe loads on the hydraulic fluid
used for controls. This fluid, circulating continually, mst
be capable of "start-up" at -45 F. Also, it could acquire a
bulk operating temperature of about Lkos F during flight and
may be subjected to considerably higher local "hot spot" tem-
peratures during use at locations where heat is generated by
mechanical or fluid friction. An operating pressure of as high
as %000 psi may be used to supply the necessary energy to the
servo mechanisms, so the pumps which maintain this pressure
will operate under conditions which require a relatively good
lubricant. The environment of portions of the hydraulic system
may reach temperatures as high as 560 F near the bleed air duct
at cruising altitudes where ambient pressures are low; or in an
uncooled section of the pressurized structure, temperatures
approaching k2o F may accompeany atmospheric pressures between
about 600 and 760 torr.

The figures quoted above, with others, enable prediction of a
minimim desirable spontaneous ignition temperature (SIT) versus
altitude, as shown in Fig. 1. As the SIT is subject to many
variables, 100 F has arbitrarily been added to the maximmum
expected flight temperatures to establish the minimum allowable
SIT at various altitudes. Ignition of flammable liquids occurs
only when the liquid is in the presence of an oxidant under
conditions such that the rate of heat generation by oxidation
is greater than the rate of dissipation to the environment. The
fact that an exotherm occurs, accompanied by a rise in tempera-
ture, does not necessarily mean that the SIT has been reached
as preflame combustion usually occurs by a different reaction
mechanism than that involving a flame. Thus, the conditions
under which the SIT is measured have a decided effect on the
value obtained, and the value obtained by introducing a hy-
draulic fluid into an Erlenmeyer flask heated in an electric
furnace(l) may be entirely different from the one obtained by
spraying the same fluid into a heated compartment which is a
facsimile of a typical portion of the aircraft structure. For
example, at ambient pressure a typical deep dewaxed mineral oil
has & SIT of 740 F inthe ASTM Method D-286 apparatus, whereas
in our facsimile apparatus the SIT value is L85 F, This is

35 F below the minimum allowable value (Fig. 1) and could
indicate a fire hazard in case of leakage or rupture of a
hydraulic line.

Present conventional testing methods are not entirely adequate
for prediction of the kind of service a candidate fluid will
deliver under actual operating conditions. Accordingly, in
selecting hydraulic fluid for the proposed new high-speed/high
altitude transport, the usual inspection information (namely,
flash, fire, pour, thermal and oxidation stability, etc.) has
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been supplemented with four simple performance tests:

1.

Stiction: A close-fitting Nitralloy 135 (see Fig. 2)
spool and sleeve valve assembly is submerged in approxi-
mately 150 ml of test fluid in a 500 ml round-bottom
flask. Inerting nitrogen is slowly bubbled through the
fluid which is cycled by heating about 2 hr to a maximum
of 450 F, then cooling 2 hr. The number of cycles ob-
tained before piston seizure provides a practical
appraisal of thermal stability and the effect of the
fluid on typical hydraulic system parts. To some degree,
this performence test anticipates corrosion and thermal
stability behavior.

Lubricity: A Shell k_pall tester, modified to provide
for heating the oil and inerting the fluid with nitrogen,
is used. The scar formed on SAE No. 52100 steel balls

at 1020 rpm, with a 20-kg load, at 400 F, after running
1/2 hr affords an indication of the lubricity of the
fluid. Thermal stability in the presence of finely
divided metal particles is also indicated.

Seal Test for Fluid Evaluation: A steel block with a
cavity of approximately 50 ml volume, fitted with a
reciprocating rod passing through metal seals at two
opposite sides of the cavity, is provided with electric
heaters and means for introducing the test fluid into
the cavity under pressure (Fig. 3). The cavity is
heated to U425 F, the rod stroke is 2 in., and the rate
is 60 cycles/min. Both seals and shaft may be faced
with tungsten carbide. The test indicates performance
to be expected with metal particles present in the
pressurized fluid under thin film oxidative conditions
at elevated temperatures.

Flammability: The spontaneous ignition temperature of
the hydraulic fluid, depending as it does on rates of
heat generation and dissipation, should be measured in
an environment which closely approximates a representa-
tive portion of the aircraft itself. As one of the

more likely causes of a hydraulic fluid fire would be
accidental failure of a line or fitting, and because

the working fluid pressure will be high, the fluid

would probably be ejected as a mist or spray. The
structure of the compartment enclosing the line may be
titanium alloy, with temperatures and pressures
depending upon the speed, altitude, operating conditions,
location in the airplane, and the like. The test should
indicate the hazard which would be involved in case of
sudden release of hot fluid spray into a hot
compartment.
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SIT APPARATUS

A titanium alloy (BALl-1Mo-1V) box, 8 in. by 8 in. by 4 in. was
constructed using milled skins for the top and bottom, and
suitably flanged sheet for the sides (Fig. h). The bottom and
top were bolted on and a spring-loaded circular plate was
fitted over an opening on one side for pressure relief. Five
specially made electric heating plates covered practically all
of the external surface except the pressure relief disk. Tem-
peratures of each side of the box were measured and controlled
by peening and welding thermocouples into adjacent pairs of
small holes drilied in the milled skins and box sides. Two
additional thermocouples were mounted in the top of the box

to measure gas temperatures. One was 1 in. above the center
of the enclosure, and the other in the left front corner at
the same level.

Test fluid was introduced from a mechanical atomizing nozzle
fitted through the front of the box. Use of an electric in-
terval timer and a solenoid valve enabled selection of the
amount of fluid to be sprayed into the apparatus, and also
enabled multiple shots of a controlled fluid volume. The
fluid was heated electrically to 425 F and was under pressure
approximating 1500 psi immediately upstream of the valve.

The entire box assembly was insulated with mineral wool (Fig.
5) and placed inside a large chamber (Fig. 6) which could be
easily closed and sealed (Fig. 7) for evacuation to a pressure
corresponding to any desired altitude. All ambient pressure
measurements were made in the laboratory at the Lockheed Rye
Canyon Research Laboratory at an altitude of 1310 ft. Pres-
sure changes inside the titanium box were indicated and re-
corded by means of a pressure transducer and recorder. The
system response was flat to 200 cps. Fluid pressure was re-
gulated by means of a hand-operated piston pump and indicated
by a pressure gage.

After a test, the atmosphere in the box could be completely
changed, and the combustion products or oil vapor scavenged
by flushing with compressed air. The final blast of dry air
for this purpose was supplied from a bottle of compressed gas.

PROCEDURE

The fluid to be tested was charged into the clean vertical
reservoir, hand pump, lines, filter, accumulator, and nozzle.
The hand pump was clamped horizontally to the right-hand
bench shown in Fig. 8. The oil pressure was then raised to
1500 psig. The temperatures of the five heating plates on
the walls of the titanium box were then adjusted and con-
trolled by means of four indicating and one of the two
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recording instruments on the left-hand bench (Fig. 9). After
equilibrium was attained, the ignition chamber gas temperature
and pressure recorders were turned on, the fluid temperature,
pressure and injection interval checked and set, and the sole-
noid valve energizing switch closed to inject hot atomized
fluid into the titanium enclosure. The chamber pressure re-
corder was closely observed, and normally a second injection
of fluid was made as the pressure approached a maximum due to
the first charge. By trial and error, a minimum ignition
temperature3 was determined by changing the chamber wall tem-
perature in increments of 5 to 10 F, and varying the charge
size to produce maximum pressure and air temperature rises.

SIT's at various altitudes were measured by the same general
procedure, except that the outer box was closed and partial
vacua were established to conform to the ARDC Model Atmosphere
(1959) ("U. S. Standard Atmospheres," Supt. of Documents, U.3.
Government Printing Office, Washington 25, D.C.)

RESULTS

Typical data recorded during runs with a specially refined
hydrocarbon o0il have been compiled tco show what happens above,
at, and below the SIT at several atmospheric pressures (Figs.
10, 11, and 12). Typical temperature and pressure change re-
cordings of the air in the box, for runs at or above the 3IT
and below the SIT are illustrated in Figs. 13 and 14%. These
recordings indicate the magnitude and timing of the changes.
Due to the mass of the thermocouples, the true time lags are
actually shorter and peak temperatures are higher than indi-
cated. Both are additionally limited by the relief plate,
which serves the purpose of preventing excessive pressure
build-up in the box.

Spontaneous ignition temperature measurements of several can-
didate fluids for use in the hydraulic system of high-speed
airecraft are summarized in Fig. 15. For purposes of compari-
son, kercsine ("pearl 0il") was measured at atmospheric
pressure, and its SIT is appended, as is that for MIL-H-5606
fluid.

3 Usually spontaneous ignition 1s associated with a very rapid
rise of temperature, and is normally accompanied by loud
sounds and considerable smoke. With some fluids, at temper-
atures just below the SIT, some relatively small exotherms
and pressure rises occur which might be considered hazardous.
In case spontaneous ignition was inconsistent, the lowest
temperature at which repeatable ignition occurred was con-
sidered to be the SIT. The criterion used for SIT determi-
nation was a relatively sudden rise of either temperature
or pressure, or both.
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DISCUSSION

With the apparatus used, it was important to ascertain the
minimum box temperature at which ignition would occur.
Accordingly, the duration of the spray was changed to vary
the amount of fluid injected, and repeated trials were made.
Spray durations approximating 90 to 110 msec were found to be
very effective for injections of hydrocarbon fluids, and these
were equivalent to volumes approximating 0.3 to 0.4 ml at

1500 psig with fluids having viscosities approximating 1.5 to
2.0 cs at 425 F.

The lowest SIT was ordinarily obtained by making two injections
of about 100 msec each. The first injection usually caused a
pressure rise in the box; and at the peak of this rise, the
second spray injection was made. The ignition delay normally
encountered approximated 20 sec. Greater time delays seldom
occurred. However, in the case of the fluorosilicone fluid,
about 1/2-sec injections resulted in ignitions with delays of
60 to 70 sec.

As the interior of the box became coated with soot, "varnish,”
silica, or other products of combustion, the SIT decreased
until it reached an apparently constant value. Figure L shows
the appearance of a typical coating from a hydrocarbon fluid,
and Fig. 16 shows a similar coating from a silicate ester
fluid.

The studies of Zabetakis and his co-workers(l’2:3) encom-
passed the effects of atmospheric pressure, of surface, and

of atomization on the SIT of aircraft hydraulic fluids. Their
results are not directly comparable with those reported in
this work, and they differ primarily in the time lag before
ignition. In general, the greater the lag, the lower will

be the SIT. :

The fluid pressure of 1500 psig was selected as an optimum
between satisfactory atomization and dependable valve opera-
tion. Above about 1000 psig, injection pressure has little
effect on ignition temperature.(1l,2,3

SUMMARY

1. A new apparatus is described which is a reasonable
facsimile of a typical portion of the projected
structure of a high-speed aircraft.

2. A procedure is outlined for determination of the SIT of
a flammable fluid in the apparatus, and the effect of
altitude on the measured value.
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3. Experimental results are given for several candidate
hydraulic fluids for the projected high-speed aircraft.
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(a) Sleeve and Spool

(b) Sleeve and Spool Valve Assembly
FIGURE 2 - STICTION TEST ELEMENT ,
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FIGURE 5 - EXTERIOR OF SIT APPARATUS ,
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FIGURE 6 - APPARATUS IN OPEN ALTITUDE CHAMBER .

FIGURE 7 - CLOSED ALTITUDE CHAMBER WITH INSTRUMENTATION
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FIGURE 13 - TYPICAL TEMPERATURE AND PRESSURE CHANGE RECORDINGS
FOR RUNS AT OR ABOVE THE SIT.
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FIGURE 14 - TYPICAL TEMPERATURE AND PRESSURE CHANGE RECORDINGS
FOR RUNS BELOW THE SIT
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FIGURE 16 - SILICA RESIDUE IN APPARATUS ,
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SURVEY OF TECHNIQUES FOR THE EVALUATION OF THE FIRE RESISTANCE
PROPERTIES OF AVIATION HYDRAULIC FLUIDS

By R. Alan C. Ker 1

REFERENCE: R. Alan C. Ker, "Survey of Techniques for the
Evaluation of the Fire Resistance Properties of Aviation
Hydraulic Fluids," Fire Resistance of Hydraulic Fluids, ASTM
STP 406, Am. Soc. Testing Mats., 1966.

ABSTRACT: Five types of aviation hydraulic fluid
were examined - mineral,snuffer,phosphate ester,sil-
oxane, and chlorosilicone.

Statistics show that more aircraft accidents are
associated with wheel brakes than with any other com-
ponents. A hot brake test simulating conditions that
could develop from a fractured hydraulic pipe during
braking revealed little difference in the ignitabili-
ty of phosphate esters, mineral type and a snuffer
fluid D.

Only one fluid, a snuffer fluid C, withstood
ignition with brake heat pack temperature of 700C.

Several well known simpler laboratory techniques
were used. Of these a combined high pressure spray/
manifold test not only gave a reasonable degree of
correlation with the hot brake test results,but also
differentiated between the degree of flame propagatim
evidenced by these fluids.

The shape of the nozzle in the spray tests
influenced results whilst fluid temperature and
pressure were found to have generally little signifi-
cant effect,

KEY WORDS: fire resistance, fire tests, flammability,
hydraulic fluids

Modern aircraft employ considerable lengths of
hydraulic line for the actuation of moving parts. The
hydraulic fluid in most subsonic aircraft is pressur-
ized at 3000 psi and certain supersonic transport(SSD
projects will employ 4000 psi. Fracture of these
lines or leakage from faulty couplings will inevitably
give rise to the fine mists or sprays which are a
serious flammability hazard.

1l Chemist~in-Charge,Hydraulic Fluids Laboratory,
Castrol Limited, Bracknell, Berkshire;England.

Copyright® 1966 by ASTM International WWW.astm.org
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Hydraulic lines pass through most sections of the
aircraft, and any leak in the vicinity of hot engine
manifolds, overheated brakes and wheels, electric
sparks, or sparks generated by friction, could be
disastrous.

The fire resistance behavior of a hydraulic fluid
will be influenced by many factors: the basic phys-
ical properties of the fluid, the amount of air or
draft present to assist combustion, the nature of the
source of ignition, and the amount of the flow of
fluid whether in the form of spray or stream, the
pressure under which the fluid flows, and other fac-
tors, Therefore, the behavior of a fluid involved in
an inboard fire such as in a wheel bay or inside an
engine nacelle is likely to be very different from
that when sprayed over an overheated wheel brake dur-
ing landing or rejected take off as a result of a
fractured hose,

It appears that wheel brake fires are the major
cause of aircraft accidents, from a study made by
R.L. Paullin(l)in 1959 of 93 accidents. In this sur-
vey it was found that 78 were caused by spray or
stream of fluids and mainly on hot surfaces such as
wheel brakes. More recent investigations of airline
statistics bear out this earlier finding.

It is for this reason that particular emphasis is
given in this paper to the study of wheel birake fires
in considering the applicability of known techniques
for the evaluation of the fire resistance performance
of hydraulic fluids by comparing the results of such
tests with those obtained under simulated conditions.
Inboard fires in confined compartments would warrant
equally specific evaluations.

SELECTED LABORATORY TECHNIQUES

In order to investigate the relationship between
methods of evaluating the fire resistance performance
of aircraft hydraulic fluids and a method simulating
wheel brake fires, certain known laboratory tests
have been selected as follows:-

1. Open Flash Point(2)(Pensky-Martens IP Method 35/42)

2, Closed Flash Point(3)(Pensky-Martens IP Method
34/58)

3. Fire Point(2)(Pensky~Martens IP Method 35/42)

4, Spontaneous Ignition Temperature (SIT)

A Moore's ignition tester (%4) was used for these
tests, Dry air is blown at a controlled rate through
a nickel crucible 3.5 cm deep, 3.5 cm 1lip, and 2.7
cm base diameter placed in a steel block heated by a
gas flame., The temperature is measured by a thermo-
meter inserted in a hole drilled into the block. The
block is heated to a temperature above the expected
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SIT, and one drop of fluid is allowed to fall into
the crucible, Ignition occurs if this temperature is
above the SIT of this test fluid, The temperature is
allowed to fall, and the lowest temperature at which
ignition occurs is recorded as the SIT.

5. Spray Ignition Test

The AMS 3150 C (5) procedure requires fluid at
room temperature pressurized under nitrogen at 1000
psi sprayed through a straight-edged orifice 0.0145
in, in diameter, Attempts are then made to ignite the
spray at increasing distances to the limit of the
spray. Other modifications were carried out in order
to examine:~
(1) The effect of raising the temperature of the
fluid by the use of heating coils round the
fluid pressure vessel.

(ii) The effect of producing a finer spray by the
use of an 80 deg. 0il burning nozzle.

(iii) The influence of reducing the fluid pressure
to 200 psi.

6. Hot Manifold Test

AMS 3150 € (5) was adopted which involved an
internally heated stainless steel manifold maintained
at 700C. Ten milliliters of the fluid are poured
onto the tube from a buret within 40 to 60 sec. The
manifold was thoroughly cleaned each time by scraping
with an iron wire brush. Additional tests were con-
ducted at different manifold temperatures.

7. Hot Manifold/High Pressure Spray Test(6)

The high pressure spray of test (5) was allowed
to impinge on the hot manifold of test (6). One pass
consisted of spraying at a distance of 4 ft from the
manifold, slowly approaching to 6 in. &#nd then with-
drawing to 4 ft before shut-off,

The following aspects were examined:-

(i) Manifold temperatures up to 780C(maximum temp-
erature obtainable) with certain fluids.

(ii) The influence of straight-edged and 80 deg.oil
burning nozzles.,

%iii) Fluid temperature variations.

iv) Fluid pressure variations.

8. Shrouded Manifold/Spray Test

As a result of experience gained with the Van-
guard hot brake test (described later) it was con-
sidered that greater correlation between the results
on this test and the manifold/spray test could be
achieved by restricting the air supply in the vicin-
ity of the manifold.




172  FIRE RESISTANCE OF HYDRAULIC FLUIDS

The manifold of the AMS 3150 C test was therefore
enveloped by a cylindrical steel shroud allowing a
1 in. clearance between the shroud and the manifold.
The spray from the pressure vessel at 1000 psi and
using the straight-edged nozzle was directed through
a 1 in. aperture running partly the length of the
shroud. The spray was allowed to fall tangentially
upon the heated manifold.

In order to clean the manifold after each test,
the shroud was made in two sections attached by clips
as indicated in Fig.l. A hole was made at one end at
the periphery of the shroud to ensure that any fluid
trapped might drain away rapidly.

FLUIDS EXAMINED

The classes of aviation hydraulic fluids examined
were as follows:-

a. Phosphate esters (A and B)
b. Snuffer fluids (C and D)
ce A chlorosilicone fluid

d. A siloxane fluid

e. Mineral oil to MIL-H-5606

The snuffer fluids consisted of mixtures of
halogenated materials (providing the snuffing action)
and synthetic esters.

RESULTS

1., Open and Closed Flash, Fire Point, and
Spontaneous Ignition Temperatures.

Temperature deg C

Fluid Closed Open ~ Fire
Flash Flash Point SIT
Phosphate
Ester A 182 193 224 > 500
Phosphate
Ester B a 179 207 > 500
Snuffer
Fluid C 163 200 357 k29
Snuffer
Fluid D 132 188 232 ki
Chloro=-
silicone 204 302 335 k59
Siloxane 100 218 260 428
Mineral 0il
MIL-H-5606 93 104 110 328

a Unobtainable; pilot flame extinguished
by wvapor,
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2. Hot Manifold Test (AMS 13150 C Type)

Manifold
Fluid Temp Results
Deg C
Phosphate
Ester A 700 No burning
725 Burnt on manifold not in tray
Phosphate
Ester B 700 No burning
725 Burnt on manifold not in tray
Snuffer
Fluid C 750 No burning
775 Some Flashing.No burning in
tray
Snuffer
Fluid D 600 No burning
625 Burning on manifold not in
tray
Chloro-
silicone 525 No burning
550 Burnt on manifold not in tray
Burning droplets fell into
tray
Siloxane 500 No burning
525 Burnt on manifold not in tray
MIL-H=-5606 600 No burning

625

Burnt on manifold and in tray
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5. SHROUDED MANIFOLD SPRAY TEST

Fluid

Manifold
Temp Deg C

Result

Phosphate Lster
A and B

Snuffer Fluid C

Snuffer Fluid D

MIL-H-5606

Chloro
silicone

Siloxane

700
675

650
700
725
600
500

525
700
600

550

550
500
475

450

Burnt immediately

Burnt after 5 sec
delay

No burning

No burning

Burnt with difficulty
Burnt immediately

Burnt after 3 sec
delay

No burning
Burnt immediately

Did not burn till
pressure turned off

No burning

Burnt explosively
Burnt immediately

Burnt after 2 sec
delay

No burning
Not tested
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VANGUARD HOT BRAKE ASSEMBLY TESTS
Aircraft Braking Experience

The amount of heat generated in a typical multi-
disk aircraft brake varies considerably during a
braking operation. Ambient temperature, load, run-
way length, landing speed, the amount of reverse
thrust used, and other factors would make their con-
tribution to the amount of heat energy build-up in
the brake. A modern large jet liner, fully laden,
landing at Mexico City at the height of summer could
produce temperatures in the vicinity of 700 to 800C
heat pack under heavy brake conditions and as little
as 100 to 200C unladen at a place like Montreal in
the depth of winter using the full runway lengths.
Rejected take-offs can put these figures up to over
1100C (7). All these temperatures are built up in a
matter of approximately half a minute during braking
after landing.

Figures 2 and 3 indicate the exposed position of
high pressure hoses leading to the wheel brakes of
Hawker-Siddeley Trident and Vickers Vanguard aircraft
respectively. A burst tire on disintegration will
often flail the high pressure hose and pipework,
which may result in a stream or spray of hydraulic
fluid over the wheel brakes. An attempt to simulate
these conditions was therefore made,

Apparatus

A Vickers Vanguard wheel and brake were selected
as being reasonably typical of units of the larger
type in use in modern aircraft. (Fig.4 describes the
whole assembly.) The rotors were replaced by 3 kw
electric heaters shaped appropriately and shrouded
by steel cases (Fig.S). Thermocouples were embedded
in the stator pads. The brake was bolted to a flange
supported horizontally by a long pipe which simulated
the wheel axle,

In order to ensure the easy removal of the heavy
magnesium alloy wheel thus to avoid excessive temp-
erature build-up and the risk of causing a serious
fire, the wheel was mounted on a frame borne by
castors which moved on positioning rails. A series
of switches linked to a pyrometer enabled the temp-
erature of each of the pads to be taken at any
moment. A thermocouple was also embedded in the
wheel to exercise careful control of the temperature.
Any wheel rim temperatures above 400C were considered
dangerous for the magnesium alloy.

A slot in the wheel casting was made to allow the
heating element terminals and the stator pad thermo-
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couples to be accommodated during the test (Figsa 2
and 5).

A 9 in. fan was situated directly at right-angles
to the brake and wheel rim to simulate the wind
velocity encountered (Fig.6). It was estimated that
about 60 mph wind velocity was achieved with this
set-up.

Water was passed through the outer heavy magneshm
brake casting which accommodated the eight pistons
and cylinders using the channels through which the
hydraulic fluid would normally flow. This was a pre~
caution in the event of overheating.

A frame supported a movable table which carried
the high pressure vessel used in the spray ignition
and manifold/spray tests described earlier.

Hot Brake Spray Test

The heaters were turned on and the heat pack
temperature adjusted to achieve a steady reading
throughout the pack approximately 10C above the
required test temperature. This involved certain
manipulation of the heating elements. The heaters
were then switched off to enable the temperature to
drop to the required figure and eliminate hot spots,
An optical pyrometer was also used as a further
check on the heat pack temperature.

The straight-edged orifice attached to the
pressure vessel was used throughout the tests. The
fluid under test was at ambient temperature and was
pressurized to 1000 psi under nitrogen.

The wheel was drawn into position, the fan switch
ed on, and the spray allowed to fall on a position
directly between the periphery of the brake and the
inside of the wheel (see Fig.6). The spray distance
was decreased rapidly from 2 ft to about 4 in.,
allowed to dwell for 2 sec, and¢ then withdrawn. The
wheel was pulled clear and the results recorded,

After each test, deposits were removed from the
heat pack by means of a wire brush,

Hot Brake Stream Test

A funnel was fitted with rubber tubing,6 =t the
end of which was a 1/4 in, diameter copper tube,
positioned by a clamp to direct fluid between the
wheel and the brake periphery behind the first heat-
er disk., Fifty ml of fluid was used for each test,

The object of this was to investigate the effect
of straight injection of the fluid in the event of a
hose or pipe being sheared off cleanly to cause a
stream as opposed to a spray. It might also simulate
a seal failure inside the brake.

The procedure was as before; the wheel was
positioned, the fan turned on, and the fluid allowed
to flow into the brake,
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Results: Hot Brake Tests

Brake High Pressure

Temp Spray Test
Fluid Deg C Stream Test
Phosphate

Ester A & B 750

Snuffer
Fluid C

Snuffer
Fluid D

Chloro
silicone

Siloxane

700

600
625
650
575

550
700

650
725

775

650
625

575
550

525
500
475

450
425
500

L7s
450

Immediate cont. Immediate burning

inuous burning

Immediate conte-

inuous burning

No burning Immediate burning

No burning

Immediate burning
Immediate burning
No burning

No burning Immediate burning
s/e
No burning

Burnt immediately

s/e.Burnt again

as spray withdrawn.

No burning when

wheel pulled out.

Burnt immediately

s/e.Burnt again as

spray withdrawn.No

burning when wheel

pulled oute.

Immediate burning

Burnt,delay time Immediate burning

1l sec.

Burnt,delay time

2 to 3 sec.

No burning till

fan switched on

half-way through

then continuous

burning.

No burning Immediate burning
No burning

Burning after Immediate burning

delay time 5 sec, at bottom of
Flaming droplets brake
fell out on floor
No burning Burning
No burning
Burnt aft er delayImmediate burning
time of 5 sec.
No burning Immediate burning
No burning ‘
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Results:Continued

Hot Brake Tests

Fluid

Brake
Temp
Deg C

High Pressure
Spray Test
Stream Test

MIL-H-5606 625

600

575
550
525

Burnt violently Immediate burning

after delay time

of 2 to 3 seco

Immediate burning Immediate burning

violently

No burning Immediate burning
Immediate burning
No burning

Nota:

Burning continued after wheel had been pulled
away from the brake unless otherwise stated.
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DISCUSSION OF RESULTS
l, Hot Manifold Tests

These showed the clear superiority of snuffer
fluid C and phosphate esters. The fact that snuffer
fluid D and the chlorosilicone did not burn in the
pan below the manifold showed some advantage from
the point of view of flame propagation over the
siloxane and mineral oil.

2., Spray JIgnition Tests
a. Straight—-edged orifice

This test showed up comparatively little differ-
ence between all the fluids in that 'flame thrower!'
effects were evidenced under most conditions with
each fluid. At a certain critical distance,snuffer
fluid C did not burn at all,

Phosphate esters and snuffer fluid D could be
said to be slightly better than the other three
types in that no burning was achieved after the
removal of the flame at high or low pressure. The
chlorosilicone, siloxane and mineral oil burnt only
briefly. PResults in the main were not affected by
fluid pressure. In the case of a fluid flashing when
sprayed at wroom temperature, the influene of higher
teniperatures usually was to produce a 'flame thrower!
effect.

b, 80 deg Oil Burning Nozzle

This was far more stringent than the straight-
edged nozzle test, and the results were more sus-
ceptible to fluid temperatures and the distance of
the orifice from the flame, Snuffer C, however,
showed a clear superiority over all other fluids in
not burning at any orifice distance.

The fact that the siloxane and MIL-~H~5606 burnt
continuously at any orifice distance indicated an
advantage of phosphate esters, snuffer fluid D and
the chlorosilicone which burnt only at critical
distances.

3. Hot Manifold/Spray Test

Neither the pressure under which the spray was
operating nor the use of the 80 deg 0il burning
nozzle had any significant effect upon the results,

Snuffer fluid C again showed its superior prop-
erties in that even at 780C conflagration took place
only with difficulty.

Phosphate esters gave good results in that no
burning occurred up to 700C manifold temperature.
Fluid temperature had no significant influence.

MIL-H-5606 showed up remarkably well on this test
while the pressure was maintained in that no burning
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occurred up to 700C. However, it evidenced its
flame propagating property in that immediately the
spray was turned off, conflagration on the manifold
and in the pan occurred. With snuffer fluid D burn-
ing was not propagated in the tray. The chloro-
silicone and siloxane burnt readily, the latter
explosively,

4. Shrouded Manifold Spray Test

In the main, ignition of the spray occurred at
temperatures a little below those achieved with the
ordinary manifold spray test.

There was insufficient of the siloxane fluid for
a test to be conducted.

5. Vanguard Hot Brake Assembly Tests

l. Spray Test: Snuffer fluid C showed up outstand-
ingly on this test. Though 700C was the maximum
temperature at which no combustion occurred,even at
780C ignition took place only momentarily and was
self extinguished.

Though phosphate esters showed themselves to be
next best in order of fire resistance, the most
singular feature of the test was that MIL-H-~5606 be-
haved almost as well as phosphate esters. The maxi-
mum heat pack temperature at which MIL-H-5606 did
not ignite was 575C while for phosphate esters the
temperature was 625C. Snuffer fluid D at 525C, the
siloxane at 475C, and the chlorosilicone at 450C
gave the lowest maximum non-combustion temperatures,

2. Stream Test: Results indicated that this test
was even more severe than the hot brake spray test.
Maxinum non~combustion temperatures were usually 25
to 50C below those achieved on the spray test.

Though snuffer fluid C caught fire at 700C in
this test, the fact that the flame was self ex-
tingiushed fairly rapidly evidenced that no serious
effects would result under such conditions.
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Fluid Merit Rating

The fluids were assessed according to their fire
resistance properties as judged from results of each
type of test.

In the manifold tests the fluids were rated on
the basis of:-

a; their capacity to resist ignition

b) the degree to which the fire was propagated, that
is, whether or not ignition was extended from the
manifold to the fluid collected in the tray below.

Phosphate Snuffer Chloro- MIL-H
Test Ester Pluid silicone Siloxane 5606
A B C D
Ciosed Flasgh 2 a 3 4 1 5 6
Open Tash 4 6 3 5 1 2 7
Fire Point 5 6 1 4 2 3 7
SIT 1 1 4 6 3 4 7
Hot Manifold
Ignition
Resistance 2 2 1 4 6 7
Flame Prop-
agation 1 1 1 1 1 6 6
T
Ea} S/edged
nozzle 2 2 1 2 5 5 5
(b) 80 deg
nozzle
4ft to 2f¢
orifice distance 2 2 1 2 2 6 6
2ft to 3 in. .
orifice distance 2 2 1 2 5 5 5
Manifold/Spray
Ignition
Resistance 2 2 1 4 6 6 4
Flame Prop-
agation 2 2 1 4 4 (3 6
Shrouded manifold/
Spray
Ienition
Resistance 2 2 1 5 6 - 4
Hot brake
High pressure
spray 2 2 1 5 7 6 4
Stream 2 2 1 5 7 6 4

a Unobtainable
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SBUMMARY

The simulated Vanguard hot brake test gave suf-
ficiently similar results to those of the manifold
epray test to warrant the latter technique as having
significance regarding the specific aspect of fluid
sprays impinging solely upon heated brakes. Greater
similarity in results was achieved using an annular
shroud round the manifold, injecting spray through an
aperture in the shroud.

The maximum temperatures at which ignition did
not occur were:-

Hot Brake Manifold/  Shrouded

Temp Spray Temp. Manifold/
Deg.C Deg C Spray Temp
Deg C
Phosphate Esters
A and B 625 700 650
MIL-H-5606 575 550 550
Snuffer Fluid C 700 750 700
Snuffer Fluid D 525 550 525
Siloxane 475 475 -—
Chlorosilicone 450 475 450

The maximum non-combustion temperatures achieved
on the manifold and the hot brake stream were quite
different in contrast to the similarity between the
manifold/spray and hot brake spray results.

The fact that the hot brake test showed compara-
tively little difference in the performance of
MIL-H-5606, the phosphate esters, and snuffer fluid D
leads to the conclusion that the brake test alone can
not have the significance that was expected of it in
rating fire resistance performance, However, there
must be other factors that should be considered in
"wheel brake fires. It has become increasingly evident
over many years that phosphate esters have had a good
fire safety record in aircraft, whereas MIL-H-5606 has
not been so successful.

One factor in wheel brake fires could be that a
burst tire might not only fracture hoses causing
fluid to spray over brakes but also effect ignition
of the spray by friction sparks from direct wheel con
tact with the runway. Spray ignition tests, especial-
ly using 80deg o0il burning nozzles, show up the dis-
advantage of MIL-H=-5606 compared with phosphate esters
which may be one cause for this apparent discrepancy.
The manifold tests also clearly show MIL-H=-5606 to
disadvantage in its readiness to propogate flame,

Though snuffer fluid D gave a poorer result than
MIL-H-5606 on the hot brake test, the spray ignition
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test under the more stringent condition of using the
80 deg o0il burning nozzle showed that snuffer D had
a greater degree of fire resistance than the chloro-
silicone, siloxane, and MIL-H-5606., It was also
equivalent to the phosphate esters and superior to
MIL-H-5606, siloxane, and chlorosilicone in its res-
istance to propagation of burning.

The flash and fire point results gave no correl-
ation with the hot brake test. Spontaneous ignition
tests confirmed the good results of phosphate esters
but bore little relationship to the others.

CONCLUSIONS

A simulated aircraft hot brake test revealed that
only snuffer fluid C would withstand conflagration at
heat pack temperatures of 700C when the fluid was
sprayed onto the brake. This is the kind of temper-
ature experienced under heavy braking conditions.
Furthermore, reluctance to burn was evidenced by the
fluid at a temperature of 775C -~ the maximum temper-
ature obtainable in the heat pack.

Snuffer fluid C was the only fluid that did not
catch fire under the stringent spray ignition con-
ditions using an 80 deg o©0il burning nozzle.

A most remarkable aspect of the hot brake tests
was the comparatively little difference shown in the
fire resistance properties of phosphate esters,MIL-H-
5606 mineral oil, and snuffer fluid D.

Although most tests showed that all the fluids
examined were flammable under certain conditions,
snuffer fluids and phosphate esters demonstrated thair
advantage over the other fluids in displaying a great
er degree of resistance to spray ignition and flame
propagation.

Of the techniques examined, a combined AMS 3150 C
manifold/spray test (high pressure spray directed onto
the hot manifold) gave perhaps the most significant
results in rating the relative fire resistance prop-
erties of the five types of hydraulic fluids examined
in an expected order. This test not only showed max-
imum non-combusgtion temperatures closely in line with
those achieved on the hot brake test but also high-
lighted the deficiency of MIL-H-5606 and the silo-
xane in their capacity to propagate flames.

Even closer agreemént with the hot brake maximum
non-combustion temperatures could be achieved by
using the shrouded manifold spray technique described
in this paper.

In the main, bulk fluid temperature increase or a
difference in pressure (200 to 1000 psi) under which
the fluids were sprayed did not significantly affect
results.
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The use of the straight-~edged nozzle in the AMS
3150 C spray ignition test did not usefully differ-
entiate between the fire resistance properties of
the fluids., On the other hand, significant differ-
ences were achieved with the 80 deg o0il burning
nozzle,
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Fig. 1. Shrouded Manifold Spray Test.
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Fig. 4. Vanguard Wheel and Brake Assembly.
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Fig.5. Vanguard Wheel and Brake separated.
Shows slot in wheel to accommodate brake
heating elements and thermocouples.

Fig.6. MIL-H=-5606 burning at 600C brake
temperature.
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