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FOREWORD

/

This report was prepared by the Gaseous Explosions Branch, Explosives
and Physical Sciences Division of the U. S. Bureau of Mines on Contrzact
Number AF 33(038) 50-1293E, RDO No. 6Ul-301, Aircratt Fuels and Engine
Oils. This project was initiated at the Bureau of Mines under Air Materiel
Command supervision and completed under Wright air Development Center
supervisicn. It was administered under the direction of Mr. Re W. Altwan
and Capt C. M. Murray of Materials Laboratory, Directorate of Research, WADC,
Drs. Bernard Lewis and Glenn H. Damon were the administrators for the U. S.
Bureau of Mines. Mr. CG. W, Jones was project engineer. Messrs. G. W.
Jones, M. G, Zabetakis, J. K. Richmond, G. S. Scott, and a. L. Furno were
the authors of this report.

Those who were engaged in the experimental work for this project
included Messrs. G. W. Jones, M. G. Zabetakis, J, K. Richmond, A. L. Furno,

G. Se. Scott, and F, E., Donath.
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ABSTRACT

The results of limit of flammability, limit of ignitibility, and
ignition temperature tests conducted on aircraft fuel vapor-air mix-
tures by the U, S. Burcau of Mines Gasecus Explosions laboratory
between February 19, 1950 and February 19, 1952 are presented. Two
aviation gasolines grades 100/130 =znd 115/145, and two jet fuels grades
JP-1 and JP~3, were investigated. A limited amount of work was done on
the ignitibility of JP~1 mists and sprays, and on the ignition tempera-
tures of aircraft hydraulic fluid AN~O=366.

In addition to the above results, sections are included on defini-.
tions and theory, and apparatus used for the investigation is described.

PUBLICATION APPROVAL

Tris report hes been reviewed and is approved.

FOR THE COMMANDING GENERAL:

» E. SORTE
,/¢7 Colomel, USAP

Chief, Materials Laboratory
Directorate of Research
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INTRODUCTION

The limits of flamwmability of various combustible-air mixtures have
been the subject of extensive research., How~vor, few investigators have
considered limits of flammability at reduc- . t mperatures and pressures.

As high altitude flying involves explesion risks from combustible-—air
mixtures, the Wright air Development Center has been led to initiate a
program for the investigation of fire and explosion hazards in aircraft.
Information obtained from experiments and literature surveys in the

course of this investigation indicate a great need for a systematic
research program on various flammability characteristics of aircraft fuels.
The work reported here is an outgrowth of the criginal WaDC investigavion. .

WaDC TR 52-35



SECTION I

PURPOSE OF THE PROJECT

1.1 The present project involves the determination of various f{lamma-
bility characteristics of aircraft fuels under flight conditions. Its
purpose may be determined best by ccnsidering the program undertaken and
the fuels studied.

1.2 Program
i.2.1 The program for the study of flammability characteristics of air-
craft fuels may be separated into two phases,

l...a2 PHASE 1: (1) Determine the iimits of flammability of various USAF
fuels over the temperature range -~107 to +160°F. and the pressure range 1
to 30 inches mercury (Hg). (2) Determine how the energy of the spark «nd
the material, size and shape of L' spark electrodes affect the limits of

" ignitibility at various temperatuw -s (~100 to 160°F.) and pressures (1 to
30 inches lig). (3) Study the effc.t of the type and strength of the igni:
ticn source (spark, hot wirc, gurc<tton, etc.) on the limits of ignitibility
at low pressurcs with the visw of establishing the low pressure limit of
flammability, g

1.2.3 PHASE 2: (1) Using 2 ri.. -rstem, determine the limits of igniti-
bility (expressed as a fuel~air ra'....' as a function of te mperature,
pressure and mixture velocity of varic:-: 'JSAF fuel vapor-air mixtures.

The ignitier source should be a continuous spark or heated element of vary-
ing size, shape and material, as specified by the contractor. If a

heated elerent is used, the contact time between the combustible mixture
and the heated element should be determined in all cases. (2) Using a

flow system, determine the effect of various USAF fuel spray patterns and
fuel droplet size ranges on the limits of ignitibility under the conditions
outlined above., (3) Investigate the flammability characteristics of
various USAF fuel componentse.

1-3 Fuels
1.3.1 The following USAF fuels were used in this investijgation:
(1) aviation gasoline, grade 100/130
(2) Aviation gasoline, grade 115/145
(3) aviation jet fuel, grade JP-l
(4) Aviation jet fuel, grade JP-3
In addition, a limited amount of work was performed on (5) aircraft

hydraulic fluid AN-O~366. The ASTM distillation and vapor pressure curves
of the above fuels are given in Figures 1 and 2. The data for these

Y
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curves werce chtained from WADC. The dashed portion of curve C in Figure
2 i3 not part of the WaDT data, tut is an extrapolation of the data
lying above 0°F, This extrapoitation was made in order to account for
the explosive saturated JP~3 vapor—uair mixtures which exist below -40°F,
(temperature below which no explosions should occur according to the
original WADC data). The specificaticns for the above fuels and the
hydraulic fluid are covered in Specifications MIL~F-=5572, Mil~F-5624A,
MIl~F=5616 and MIL—0-5606.
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SECTION IX

DEFINITIONS AND THEORY

2.1 Flammable Gaseous Mixture

2.1.,1 A ®flammable gaseous mixture®™ is a =~xt.re of gases through which
lame is capable of propagating. g

2.2 MNonflammable Gaseous Mixture

2.2.1 A "nonflammable gaseous mixture™ is 3 mixture of gases through
which flame fails to propagate.

2,5 Limit Mixture

2.3.1 A mixture of gases whose composition lies in the transition region
between mixture compositions corresponding to flammabie and nonflammable
mixtures may be loosely termed a "limit mixture,® A flammable mixture
may be rendered apparently, or perhaps truly, nonflammable bty a change in
cne or mcre of the following factors associated with the mixture or its
surroundings: (Ref. 38)

(1) Terperature

(2) Pressure

(3) Ratio of combustible to oxygen

(4) Ratio of inert or other foreign
gas to oxygen

{5) Characteristics of the ignition source -

(6) Geometry and size cf the confining vessel

(7) Physical state and surroundings of the
gaseous mixture

It should »e noted tha. even though a suitable change in any one of the
above factors may render a flammable mixture nonflammable, the converse

is not necessarily true. The above factors are interrelated in such a
manner that before deciding whether or not a mixture is truly nonflammable
an observer should determine the effects of each of these factors on his
ovservations, This point will be discussed more fully in the following
sections,

2.4 Concentration Timits of Flammability

2¢4e1 As the combustible mixtures considered in this report were composed
of corbustible vapors and air, the ratioc of inert or other foreign gas to
oxygen (4) will be considered constant for all mixtures discussed. If

in addition to (4) all items except (3) are held constant while (3) ie
varied for a flammable mixture by diluting the mixture with air, the com—
bustible content of the flammable mixture eventuazlly becomesso low that the

5
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mixture fazils to propagate flame, If at this point a number of similar
tests are made in which (5), (6) and (7) are alsc varied, the gaseous
mixture being homogeneous and quiescent during the period of application
of the ignition source as well as the subsequent period of observation,
the lowest concentration of combustible in air at a particular temperature
and pressure that is capaple of prepagating flame through a homogeneous
quiescent mixture of the combustible and air being tested may be expressed
as:

Lt,p = 1/2 ZEfl + Cng—7 (1)

2e4e2 Similarly, if .. flammable gaseous mixture is rendered nontlammable
by the addition of an excess of combustible, the upper limit of flamma-
bility may be expressed as:

Uy,p = 1/2 Logg + Ci/ (2)

Ly , and Uy , beirg respectively the lower and upper concentration limits
of’%lammabiilty at a specified temperature and pressure; Cng and Cpy are
the greatest and least concentrations of combustible in air which are “
nonflammable, and Cfl and Crg are the least and greatest concentrations of
combustible in air which are flammable at the specified temperature and
pressure of the test,

2.4¢3 The concentration limits of flammability are conventionally termed
limits of flammability, limits of inflammability, flammable (or inflammable)
limits, or explosive limits., These terms are considered synonymcus,.

2.4el4 An important experimental criterion in determining the limits of
flammability of a particular combustible vapor 9r gas in air at a specified
temperalure and pressure is the following: The limits of flammability of
any combustible are widened - that is, the lower limit is decreased and
the upper limit is increased -— with moderate increases in temperature and
pressure. As most ignition sources instantaneously increase both the
temperature and pressure in their immediate vicinity, in going from a
lammable to a nonflammable mixture at a specified temperature and precssure,
there must be a small range of concentrations (the transition region) that
are able Lo propagate flame a short distance away from the ignition source
due to the instantaneous increase in temperature and pressure. However,
these mixtures will not propagate flame once the =ffects of the ignition
source are no longer felt., If this transition region is not cbserved,
then the limits of flummability have probably not been attained; instead,
these apparent limits are merely limits of ignitibility or ignition limits
that depend on the ignition source and are therefore not a function of the
combustible, temperature and pressure alone as are the limits of flamma-
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//
2.5 Limits of Ignitibility /

2.5.1 The limits of ignitibility have been briefly defined in paragraph
2.4.1. A better way of visualizing the relationship between the limits of
igritibility and the true limits of flammability is to plot the limits of
ignitibility as a function of the ignibtion sovice energy. To be consistent
iet us assume that the source energy is delivered as a single square wave
pulse whese duration is the same in each case, that is, we will assume

the time of delivery of the ignition energy tc be constant. If we then
plot the limit of ignitibility as abscissa against the energy of the
igrition source as ordinate, we obtain a curve such as that in Figure 3.
{Refs. 3 and 7). The actual shape of the curve is nol important here.

The important thing is that for a certain optimum range of ignition source
energies (and an associated range of time durations for delivery of the
energy to the test mixture) the limits of ignitibility depend only on the
combustible tested (assuming the temperature and pressure to be constant)e.
This means that the important experimental criterion described in paragraph
2.4.4 is applicable. Thus chese unique limits of ignitibility are, by
definition, the limits of flammability of the material tested at the
temperature and pressure specified for the test.

'2.6 Temperature or Equilibrium Concertration Limits of Flammability

2.6.,1 If the temperaturc of a flammable mixture corresponding to the upper
limit of flammability is gradually decreased while the pressure is held
constant, a temperature is finally reached such that the upper limit of
flammability coincides with the dew point of the combustible (or of one

of its constituents in the case of a mixture of cuubustibles). This
temperature is the upper temperature limit of flammability at the constant
pressure specified for the test. If the temperature is decreased further,
all concentrations lying on the equilibrium vapor--air curve (dew~point
curve) represent flammanble mixtures until a point is reached on this curve
that coincides with the lower limit of flammability at that temperature
and pressure. This temperature represents the lower temperature limit of
flammability; it also corresponds roughly to the flash point of the
combustible if the pressure is one atmosphere. (If the U, S. Bureau of
Mines F~9 apparatus is used, the lower temperature 1imit at atmospheric
pressure could be defined as the flash point). The vapor concentration
for temperatures below the lower temperature limit of flammability is too
low (at the specified constant pressure of the tests ccnsidered) to give
an explosive limit (Figure 4). (bvicusly the lower temperature limit will
decrease for a moderate decrease in pressure (Figure 5).

2.6.2 It should be noted also, in conjunction with the temperature limits
of flammability (Figure 5), that these limits may be converted to concen—
tration limits when the vapor pressure of the combustible is known as a
function of temperature,
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2.6.,3 The limits discussed ahove refer only to vapor-air mixtures. It
should not be assumed that an explosion hazard does nst exist at tempera-
tures below the lower temperature limit of fiammability, as finely divided
droplets of combustihle liguid may form sprays at temperatures below the
lower temperature limit. In such case3 the problem is complicated in that
the vapor pressure then is also a function of the droplei size; moreover
to determire whether the vapor-air mixture surrounding any particular
droplet is explogive or not we need to know the heat-transfer rate from
the surrcundings to the droplet and the vaporization rate of the droplet.
As all available data indicate that the burning process associated with
combustible liquids occurs in the vapor state, the problem of flammable
sprays appears to be an extension of the burning of vapor-air mixtures.

2.7 Low Pressure Limit of Flammability

2.7.1 No mention has been made yet of the lowest preasure at which a
flammable mixture can propagate flame. This lowest pressure could perhaps
be considered the region where the lower limit meets the upper limit of
flawmability. It is in general very difficult vc get a satisfactory
ignition source for experiments in this low pressure region (especially for
pressures below about one inch Hg absolute). In many experiments the
criterion for determining the true limits of flammability, as outlined in
paragraph 2.4.4.,is not attained. When this criterion has not been met
the experiments yield limits of ignitibility; this is indicated when it
occurs in the figures included in this report by a broken line and an
appropriate label (e.g., cf. Figures 8a-10b).

2.8 §Epntaneous Ignition Temperature and Corresponding Time Lzg Before
Ignition

2.8.1 The spontaneous ignition temperature at a specified pressure of a
particular combustible-—air mixture in contact with a specified surface is
the temperature at which this mixture will ignite spontaneously in a
finite time interval t, the corresponding time lag before ignition.

2.9 Minimum Spontaneous Ignition Temperature

2.9.,1 At a specified pressure of a combustible in contact with a specified
surface, the minimum spontaneous ignition temperature for all possible
concentrations of combustible in air that corresponds to some finite time
lag sufficiently long to assure a minimum value of ignition temperature is
known as the minimum ignition temperature of the combustible in air. This
minimum temperature depends on the surroundings and their geometry as well
as on the history of the combustible=air mixtures tested, and on the
velezity of the mixture tested.

2,10 Flarmability Characteristics of Combustible Gases and Vapors

2.,10.1 PURE LIQUIPS. The limits of flammability and spontaneous ignition
temperatures (S.I.T.) corresponding to a time-lag long enough to give the

11
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lowest S.I.Te. for a particular mixture, pressure and surface, constiﬁéte
the flammability characteristics of a combustible gas cor vapor. Experie—
mentally we obtain temperature limits of flammability as a function of
pressurc, concentration limits of flammability as a [unction of temperature,
and also as a function of pressure (Figures 4 and 5) and spontaneous
igrition temperatures as z function of concentration for a fixed surface,
pressure, and time lag. 811 these valucs may be nlotted on a three-
dimensional coordinate system with concentration, pressure, and temperature
as the three variables. If the limits of flammability are plotted in this
space, there results a flawmable volure as in Figure 6. Mixtures in this
volume are {larmable when an appropriate ignition source is used. For
elevated temperatures and a specified surface, pressure and compesition,
spentaneous ignition results if the time of contact between the heated
surface and the combustible mixture is greater than a ce tain specified
time interval. For completeness this S.1.T. curve has been included in
Figure 6 for one atmosphere pressure.

2.10.2 LIQUID MIXTURES. As actual aircrait fuels consist of mixtures of
combustibles we will digress at this point to consider the effects of these
mixtures on the over«all picture of the flammability characteristics of the
fuels. Everything discussed to this point applies to pure liquids as weil
as mixtures of pure liquids, however when working with mixtures the flamma-
bility characteristics may vary considerably depending on the history of
the mixtures. The fuel mixtures we will consider are actually solutions
composed of a large number of hydrocarbons,

2.10.3 The vapor pressure at equilibrium of any component of the hydro-—
carbon mixtures that marxe up the aircraft fuels considered here may be
determined for the vapcr above the liquid in a closed container by Raoult's
Law: (Ref. 19)

o

NyPx

N
> s

g=1

Px =

(3)

where p, and px° are the partial pressure and vapor pressure respectively

of component x; ny and ng are the number of moles of components x and s
respectively. Thus, if we know the mole fraction of each hydrocarbon
constituent in a fuel we can determine its limits of flammability in a :
closed container at any temperature, assuming that the limits of flammability
and vapor pressure of each constituent at that temperature are known by

means of leChatelier's Law, which has been shown to hold quite well for

many hydrocarbons. (Ref. 8) For examplc, the lower limit would be:

100

) Pn
g Lnt'op

£ | (L)

Lt,p
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where

Ly p = lower limit of the mixture at the specificd
’ temperature and pressure,

o= lower limit of the nth component at the specified
sP temperature and pressure,

Pn = percentage by volume of the nth component in
the vapor-air mixture investigated

:E: P, = 100 percent.
n

In the case of a fuel mixture in an open container, the constituents escape
into the atmosphere at varying rates depending on 2 nurber of factors
including the temperature, pressure, motion of the liguid, and heat trans-
fer rate intev *he liquid. In general, thc various censtituents vaporize

at different rates so that the composition of the mixture at any instant
depends on its past history. For this reason the flammability character—
istics of complex fuels depend very markedly on thelr history and a study
of the flanmsbility characteristics of ar» aircraft fuel at best can give
characteristic extremes for a number of various fuel fractions. A more
systematic procedure invclves the long—~term investigation of the flamma-
bility characteristics of a number of fuel components. For example,

Pigure 7 shows the relationship of the lower limits of flammability of six
paraffin hydrocarbons over the temperature range 73 to 392°F. at one
atmosphere pressure wher ‘“iese limits are expressed in terms of (a) percent
combustible by volume ar  3) tuel~air ratio (weight basis). (Ref. 38)

It is Lhus apparent. that . the lower limits expressed in terms of a fuele
air ratio one can make g- ‘ralizations more readily than when these same
limits are expressed in :. rms of percent composition by volume. An

excellent survey of the : ~eral problem of the significant properties of
fuel components in the p: “crmance of gas turbines has been made (Ref.16);
many ot the basic points iiscussed in the survey article are applicable heree.

2.11 The Combustion of Flammable Gaseous Mixtures

2.11.1 although the flammanility characteristics outlined above constitute
the wain preblem, we arc also concerned indirectly with the way in which
fuels burn at various tempcratures and pressures, An extensive discussion
of this problem would be out of place here, however two topics are neces—
sary to understand the notation used in the following sections.

2.11.2 STOICHIOMETRIC MIXTURES: In combustion studies, the determination
of stoichiometric mixtures involves thie calculation of the quantities of

combustible and oxygen necessary for complete combustion. In case air is
the oxygen supplier, the amount of air necessary in any reaction is obtained

1

WADC TR 52-35



'SUOIIRIIUIILOD YW JAMO] 3y} SSaIdXa 0} JuBiam JO SHUN (q) SLINJOA
30 spun (&) Suisn ainssaid sssydsowie auo 40} ainjesada) Y)m suoqledolphy
XiS jO AljIGeLULIe)) JO SHWI| UONBAUBOLIOD 8Y) Ul SUOHBLIBA 3Y) O uosledwo)) - °/ aindid

1 ~ (QYNLYIW YIv-3181LSNEINDD NI 3181LSNEIN0D 40 IWNTOA AS %)
{¥/4 ‘O1LvY ¥iv-13nd) T ALITIGYWNYTANI 40 LIWIT 43IMOT
£Y0°0 L£00 TE00 €1 2’1 I'T 01 60 80 L0 90
| g [ T [ ] T _ g |0

-\ ﬁ aue}oo-u |
| ﬁﬂ sueydayu zﬂm:mco:.cm:mumv.c
_ A% 061

\

. v
IR | euepoos! | |
NERE

Al W\
— /y aueXay-u //A —
\ . \\
\

\
Y \

=]

o
)
N

(‘4.) '3YNLXIN ¥Iv-3181LSNEWO0D
40 3¥N1IVY3IdW3IL

=

+f”1

[
3
o

WaDC TR 52-15



by considering the other gases#* in tha air to be inert with respect to
the nain reaction. Thus, the theoretical percentage of cne of the paraf-
fin hydrocarbons required for complete combustion {T.C.C.), that is, the
stoichiometric composition, is determined by first writing the gencral
equation for complete combustion of any paraffin hydrocarbon. This is:

Collansz + 232 0 5 (n41) Hy0 + nC02 (5)
. T.CCu = 100% 100 % | )
1+ (3n+l)( ) 7.166n+3.389

0.2093

2.,11.3 UNITS: The mcst common units used for T.C.C. (and also for the
limits of flammability) are (1) percentage combustible by volume in a
flammable gaseous ixture, as above; (2) weight of combustible per unit
volume of air; (3) weight ratio of combustible to air. There are certain

advantages in the use of each of these units; for example, let us determine

TeCsC. in units of (2) and (3) and compare:

T.C.Ca = /[ n(12.01 ~ 2.016) + 2,016_7 1000 mg. =

1 In+l
(0.2093)(’5"“) 22.41 £

[}

o - 9.6 *
(87.33 - 40:87) nge

12,01 + 2.016) + 2.016
T.CoCo (F/a) = it : +3n+1 ) + 2.0 (8)

(G303 (G) 8.9

0.06756 — 0:03813
3n+l

0.0007736 [787.33 = “9 19:81 7

# In this report, air is taken to be composed of 20.93 percent oxygen,
78,08 percent nitrogen, 0.05 percent carbon dioxide, 0.009L percent
argon and the remainder of traces of a number of other elements. This
composition gives the alr an average molecular weight of 28.97.

16
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Therefore, for the paraffin hydrocarbons we have,

ToC.Co (F/A) = 0.0007736 T.CoCo (%) (9)
= 0,0007736 LaBeCe & + £14.026n+2.016) 2

100% A T.C.C. % 28.97

One further point to note here is the ratio of combustible to oxygen atoms
for a stoichiometric mixture as well as for limit mixtures. From the
general equalion for the paratfin hydrocarbons we have:

No. of combustible atoms _ n+2n+2 _ 14+ 1 (10)
No. of oxygen atoms 3n+l 3n+l o

T-CoC- =

For many combustibles the lower limit is approximately 1/2 T.C.C. and the
upper 1limit 3 T.C.C., which gives:

° - 1
L20.5(01Q+ m) (12)
and
. 1
U=3(Q+5:7) (12)

Although only approximate, these figures are accurate enough to be used in
setting up an apparatus for determining limits of flamaability (AppendixIV).

2,12 Mists and Sprays

2.12.1 A considerable amount of work has been done on the technical problems
associated with combustible mists and sprays; (see bibliography); however,
very few investigators have concerned themselves with the fundamental
problems involved in the burning of sprays and mists.

2.12.2 The problem can be divided into four parts: (1) formation of com~
bustible liquid droplet, (2) transfer of hsat to these droplets, (3) mass
transfer and mixing of vapor and air, (4) ignition of the resulting vapor—
air mixture. Only (1) and (2) are characteristic of mists and sprays alone.
Just as for gases, the ignition source may play a very important role in (3)
as well as in (4).

2.12.3 Formation of mists ordinarily involves vapor condensation. Formation
of a combus®ible liquid spray in air involves the shearing action between a
liquid in motion with respect to the surrounding air, that is, the liquid

can be projected into airj; air can be blown over a stationary column or

sheet of liquid; the liquid and air can be projected into each other.

17
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201244 Measurement of the particle size is a fundamental problem in the
study of particles in a fluid. This is certainly true when censidering
combustible miste and sprays. However, before undertaking an actual
measurement., one mist decide what type of size measurement is most

significant for the particular appiication involved. If the volume of ‘/

the partlbip is of prime impcrtance, this should be laken into con51dera~
tion in the size measurement likewise for the surface area, Cross— /
scctional area, etc. For evample, in the case of N spherical particl cs;

one possibility would be: ’

/
/

%)SJ i: rxn L .
e = ) n=1 A (13)
N

or perhaps the effective radius would be more representative of a ratio
such as the total volume to the tctal surface area so that, in general,

N
)
Taye = K =l (1)
2 [N

>
n

n=l

where % ~ ¥ = 1. When studying the flammability characteristics of mists

and sprays, the surface area is very important, accordihgly equation (13)
with x = 2 is of considerable importance,

2.12.5 As usual, the problem of sampling must be considered very carefully,
a1l impinger-type collection apparatus suffer on two counts in the case of
liquid droplet sampling. First, the collection efficiency of any impinger
is a function of droplet size and velocity, and second the droplet sigze is

a complex function ef time and depends on a number of variables such as
initial droplet size, temperature and pressure. This indicates that an

optical or electrical apparatus which does not disturb the individual droplets

appreciably would be preferable for measuring droplet sizes to the conven-
tional coated slide and microsceope arrangement,

18
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SECTION ITI ' ,i i

EXPERIMENTAL RESULTS

3:1 The results cbtained from 19 February 1950 to }9 February 1952 are
sumarized in this section under the headings: Limits of flammability;

spark ignition energy measurements; ignition temperatures; and sprays and
mists. The apparatus used for thesc investigations are described in the ,
Appendix. ' v S

3.2 Limits of Flammability P

3.2.1 CONCENTRATION LIMITS OF FLAMMABILITY (constant temperature): aviation 1
gasoline grades 100/130 and 115/145 and aviation jet fuel grade JP-3 have ?
a high enough vapor pressure at 78°F. to make saturated vapor-air mixtures i
of these ccmbustibles nonflammable because they contain an excess of com- ;
bustible vapor. However, the flammable areas of unsaturated vapor-air

mixtures of each of the above combustibles have been determined at 78°F.

(Figures 8, 9 and 10). The F-1 limit-of-flammability apparatus was used 1
for these investigations (Figure 24, Appendix I). ;\

3.2.2 The limit—of-flammability curves in Figures 8a, 9a, and 10a are self- i
explanatory; the solid lines represent the limits of flammability for atmos- |
pheric and reduced pressures of the vapors from a fresh sample eof the fuel 5
tested. Consistent results were obtained provided less than 20 percent of t
the fresh liquid sample was used. This means that the percentages of heavy K
vapors in the vapor-air mixtures tested were small. However as the exact . o
composition of the vapor-air mixtures tested is unknown, an average molecular
welght was obtained for the gasoline samples from their distil: -ion curves
(Figures la, 1lb), assuming them to be ccmposed of straight cha®  .araffin
hydrocarbons. This gave an ave:-age molecular weight of approx.  tely 100,
correspording to that of heptanc. The average molecular weight of aviation
Jjet fuel grade JP-3 by the above method was 128; however becaus: of the

wide boiling range of this fuel (Figure 1d), this average molec ar weight was
not used to obtain the F/a valucs in Figure 10b. Instead, the = erage
molecular weight used was the sime as for gasolines, the boiling range for
the first 20% of distillate for JP~3 fuel being almocst the same as the
boiling range for the gasolines {(Figure 1). The F/A values used to plot
Figures 8b, 9b, and 10b were calculated from equation (9), assuming an

average molecular weight of 100 in each case, Since only the first 20% of
the fresh liquid sample that ditctilled over into the explosion chamber was
used in each case, an average weight of 100 is probably high, suggesting

that the F/a values in Figures &b, 9o and 10b also are high. It is interest-
ing to compare these derived data with the experimental data obtained with

the F-11 apparatus (Table 2) at 300°F, and one atmosphere pressure (Table 1).
The data check as well as can be expected considering that the assumed .
molecular weight used in obtaining the derived data was probably high, and
also that the data correspond to two different temperatures. However,

Figures 8a, 9a and 10a, which represent the actual experimental data, should
be used where possible in preference to Figures 8b, 9 and 10b plotted from
the derived data.
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Figure 8a. - Concentration limits of flammability for aviation gasoline
grade 100/130 vapor-air mixtures at 78 T 1° F.
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Figure 9a. - Concentration limits of flammability for aviation gasoline
grade 115/145 vapor-air mixtures at 78 * 2° F.
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Figure 10a. - Concentration limits of flammability-jet fuel grade JP-3
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Table l.-—COmparlson of limit of flam ublllty data obtained
with two sets of apparatus at atmospheric pressure.

F~1 apparatus(78°F,) F=-11 apparatus (300°F.)

_{Derived data) (Experimental F/a data)
Combustible Lower F/a_Upper F/a_Lower F/A_ Upper F/a
Aviation gasoline grade 100/1 3 0.043 0.271 0.041 0.27
Aviation gasoline grade 115/14 2043 255 037 026
aviation jet fuel grade JP=3 «CL7 «287 «037 .30

3.2.3 One further point to bear in mind in conjunction with Figures 8, 9
and 10 is that these figures are for data obtained at 77° - 8l°F., and
stould be used only for these temperatures. A limited number of tests were
pertormed on aviation gasoline grade 100/130 vaporeair mixtures at 0°F. to
obtain graphs at O°F. similar to those in Figures 8, 9 and 10. However,

the data obtained to date indicate that with fuel container and test chamber
both at 0°F, the limits of flammability correspond to values obtained for
varying butane, pentane, and hexane mixtures. The smaller the fractiun of
fuel mixture vapcrized into the test apparatus from the fuel container, the
higher are the lower and upper limits of flammability. The results obtained
to date are so erratic at this low temperature that no fiammability curves
are available. The past history of the sample tested also plays a very
important part in the actual limit-of-flammability values obtained at low
temperatures. Accordingly, in order to obtain useful limit-—of-flammability
data for vapor-air mixtures that are not saturated with the combustible
vapers at’ low temperatures, an initial series of tests should be conducted
on butane-pentane~hexane control mixtures at low temperatures. If, as
appears to be the case at present, the controlling hydrocarbons in the
determination of the limits of flammability at temperatures below O°F. are
the most volatile ones present in the mixture under the conditions of
temperature and pressure «t which the test is conducted, then to improve

a fuel mixture from the standpoint of safety at low temperatures and
pressures, the volatile componerits ghould be removed. This means, of course,
that as soon as a certain amount of butane, for instance, is exhausted from
the mixture, then the pentane and hexane become the controlling hydrocarbons.
Once a few control mixtures are investigated thoroughly, the problem of the
flammability of complex hydrocarbon mixtures at low temperatures can be
resolved more readilye.

3¢2. CONCENTRATION LIMITS OF FLaMMaBILITY {constant pressure): The concen—
tration limits of flammability were determined for aviation gasoline grades
100/130 and 115/145, and for aviation jet fuel grades JP-l and JP-3 at

300°F. with the F=11 apparatus (appendix V). This apparatus is designed

to determine the limitc ¢f flarmability of a combusiible as a furction of
temperatura at atmospheric pressure. The data ohtainad for the four cou

it i

bustibles mentioned are summarized in Table 2. The lower limit data in this

| 2
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table may be compared with the data in Figure 7b, and with the caiculated
data obtained in paragraph 3.2.2 (Table 1). The lower limits of aviation
gasoline grade 115/145 and of aviation jet fuel grades Jb-1 and JP-3 are
in good agreement with the curves of Figure 7b. The lower limit of
aviation gasoline grade 100/13C is rather high, however it corresponds
rather closely to lower limit data for aromatic hydrocarbons (Ref. 39).
a5 before, comparison with pure combustibles is rather difficult in the
avsence of more precise information on the composition of the vapors
given off, ‘ '

Table Z24~=—The 1imits of flammability in air of four ajrcrafi
fuels at 300°F, and one atmosphere pressure.

ILinits of flammability

Lower# Upperit
Combustible meg./1 F/a mge/1 F/a
Aviation gasoline grade 100/130 53 0.041 348 0.27
Aviation gasoline grade 115/145 48 .037 337 026
Aviation jet fuel grade JP-1 L8 .037 405 031

aviation jet fuel grade JF-3 L8 037 387 «30

¥ The density of the air used for these data is that for conditions of
S.ToPe (0°Ce and 760 mm. Hg). The fuel density is that corresponding
to 78°F, "

3¢2,5 EQUILIBRIUM CONCENTRATION LIMITS OF FLAMMABRILITY (saturated combus—
tible vapor-air mixtures): The eguilibrium concentration limits of flamma-
bility have bLeen determined for aviation gascline grade 100/130 and 115/145
and for aviation jet fuel grades JP-1 and JP-3. These limits are defined
in paragrapn 2.6. The data obtained during the current investigation are
included in Figures 11 to 14 with the equilibriwn liquid~vapor-air tempera—
ture plotted as abscissa against the absolute pressure as ordinate. Since
each of the above combustibles is a mixture of a large number of hydro-
carbons, the flammable area obtained in each case depends on the history
of the sample tested. This is illustrated in Figures 13 and 14 by drawing
a flammable area for the vapors given off by a fresh sample and again for
the vapors given by a sample from which a certain percentage of the liquid
has evaporated. These data should simulate the extreme conditions which
can exist in the "airM space above the fuel in a fuel tanke. When the tank
is first filled, this Mair®™ space becomes saturated with a number of the
volatile constituents present in the fuel. On an actual flight, the tank
Mreathes™ expelling more and more of the highly volatile constituents as
the altitude increases. When the altitude decreases, some more of the
liquid fuel vaporizes into the vaporwair space existing in the taike The
composition of the vapor above the fuel at any instant thus depends on the
past history of the fuel as well as on the temperature and pressure., For
this reason, when determining the flammability characteristics of a fuel
mixture, it is important to know not only what wercentage of the fuel

WaDC TR 52-35%




y
] } 0
sl
/
)i
I NDOINT N V 5
24 — — =
- Flammable mixtures

QI_') & \l lcu{‘nu 'T‘ l g
;) S o
x 20 | 4109
3 2
ui [ ,’ 41595
= 16 , Q
R ] =
o 20 wJ
a / S
p 12 1 f Jos E
o / ar
o =<
2 0o
< 8 l . = 35 g
=
N / =40 <
4 45 @

= 50

o 160

, 570 -
0 : 80
-100 -80 -60 -40 -20 0

TEMPERATURE OF COMBUSTIBLE VAPOR-AIR MIXTURE, °F.

Figure 11

WADS TR 52-35

- Equilibrium concentration limits of flammability

of the 0 to 5 % fraction of aviation gasoline
grade 100/130 vapor-air mixtures over the
temperature range-100 to 0° F. (the 0 tc 5%
fraction of this fuel was distilied under the
temperature and pressure conditions of each
test).
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and 80 to 90% fractions of aviation jet fuel grade JP-3vapor-air

mixtures over the temperature range -100 to+ 200° F. (the O 10
5% and 80 to S0%3 fractions of this fuel were distilled under the
ternperature and pressure conditions of each test).
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raporizes into the test chamber but also the percentage of the original ]
fuel which vaporized prior to initiating the flammability tests. For
example, in Figure 14 the flammable area betwsen ~100° and 80°F. was
obtained by using the aviation jet fuel graae JP-3 vapors cbtained by
vaporizing into the explosion chamber from O to 5% of a fresh sample at
a temperaturc slightly above the explosion charber temperature. The area o
between 100° and 200°F. was obtained by using the JP-3 vapors obtained by .
vaporizing into the explosion chamber the 80 to 90% portion of the original U
sarple placed in the saturator. : [

3.2.6 Figures 11-14 can be redrawn to give F/A as the abscissa with the ;
aid of the fuel vapor-pressure data obtained from Figure 2. However, the ‘
Reid vapor pressure data of Figure 2 apparently are not completely accurate,
the F/a values cbtained being inconsistent with all the other data reported ‘
here. Accordingly, these F/A plots have not been made. It should be noted !

that Figures 11-14 are traces. ¢f the equilibrium limit curves (the curves \
formed by the intersection of the flammable equilibrium concentration

surface with the lower and upper concentration limit of flammability surfaces) i
on the temperature~pressure plane of Figure 6, whereas the proposed plots -
would be traces of the equilibrium limite curves on the concentration-pressure \
plane. Furthermore, these proposed plots differ from Figures 8-~10 in that
‘these lattcr figurss represent flarmable areas at constant temperature so
" that curves on the concentration~pressure plane would of course yield the |
identical shape of flammable area.as the original; this is not true in the ‘

case of the proposed plots. ‘

3.3 Spark Ignition Energz,Measurements{ |

3.3.1 Successful ignition of & fiammable mixture by any ignition source :
depends on the effective energy delivered to the system formed by the i
gaseous mixture and its surroundings. Whether or not a flammable mixture

ignites depends on the useful energy from the ignition source delivered to
the flammable mixture being investigated, and also on tae temporal manner [
in which this energy is delivered tc the mixture. 1In the course of experi- ! ;
ments performed to date, various ignition sources have been used (appendix X ). :
However, energy and power measurements wére made on only one source, the
USBM surge generator, whose general efficiency as an ignition source at low 3
pressures is superior to that of any other ignition source used to date, !
In accordance with phases 1 and 2 of the program ocutlined for this project {3 1
(paragraph 1.2.2), the limits of ignitibility of aviation gasoline grade g E
100/130 vapor-air mixtures are beirng investigated at low pressures using i
the USBM surge generator as the ignition source. In accordance with the
experimental criterion to be used in determining the limits of flammability i

of a combustible-air mixture at a specified temperature and pressure (cf. b
paragraph 2.4.4). most experiments conducted at room temperature and low

presgures yield limitsc of jgnitibility which have been represented by

broken lines in Figures 8-10; this is not the case at reduced temperatures

(Figures 11-14). 4apparently at low temperatures the low pressure limit of

T T T
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flammsbility rises enough to permit determination of the low pressure
limit with several types of ignition source., as air- -aft fuels are not
crdinarily used at low pressures and elevated temperatures, the problem of
ignition may not be too difficult from a practical point of view. However,
the data obtained to date irdicate that ignition at low pressures is
achieved more readily with larger spark gaps than those used at atmos~
pheric pressure, '

3.3.2 To date, the lowest pressure at which an aviation gasoline grace i
100/130 vapor-air mixture has ignited and propagated flame is 0.63~inch Hg i
abgclute at 78°F. This pressure corresponds to a standard altitude (but !
not to the corresponding temperature) of 86,000 feet. However, for stoichio-
nmetric mixtures, this was not a limit of flammubility so that apparently

once the limit of flammability is obtained this altitude will be raised. : !

.
3343 Typical current and voltage oscillograms of the energy surge delivered \ {
to the spark gap in the explosion chamber are shown in Figure 15 and inter-
preted in Figure 16, Figures 16a and 16b are traces of the oscillograms £
given in Figures 15a and 15b. Figure 1léc is a point by point nmltiplication \
of Figures léa and 16b and represents the instantaneous power delivered to
the spark gap as a function of time; the area under the curve in Figure l6c
represents the energy delivered to the spark gap. The surge data obtained
to date are plotted in Figures 17-19.

3e3.4 Figure 17 is a plot of the limits of ignitibility of aviation gaso~
line grade 115/145 vapor-air mixtures at low temperatures and pressures for
three ignition sources superimposed on the equilibrium concentration limit
of flammability curves for the O to 10% fraction of this fuel (Figure 12). 3
A 0.25-inch spark gap was used in all cases. Curve (a) gives the limits of
ignitibility for a Ford ignition coil curve (b) for a 120~-millijoule, 550~
microsecond spark from the USBM surge generator, and curve (c¢) for an 85-
millijecule, 275~microsecond spark from the same USBM surge generator
(appendix X ). This last spark appears to be the most efficient of those
tested for low temperatures. The problem of spark efficiency is being
investigated further with aviation gasoline grade 100/130 vapor-air mixtures
(Figures 18 and 19). ‘

g

A

T

3.3.5 Figure 18 is divided into three parts, each containing a family of
curves for a stated aviation gasoline grade 100/130 vapor-air mixture. Each
curve in the three families is a plot of the minimum ignition pressure
(minimum pressure at which propagation of flame occurs throughout the mix—
ture investigated) as a function of ignition spark duration. Two electrodes
configurations were used for these curves. The first configuration (a)
consisted of two 5/16-inch stainless steel rods mounted 1.75 inches apart

in a gluss base plate, From the ends of these rods #20 gage platinum
electrodes were mounted {c give a 0.25-inch sparx gap. The second configur—
ation (B) consisted of two kovar~glass bushings mounted 1,75 inches apart in
a steel base plate, The platinum electredes were mounted as above,

‘ - m rf“.“"n,r‘» »
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ol ' N T T Oscillogram No. 551-3
é 240 Vertical calibration= 180
o 160 /A volts per inch
o - & T4 Horizontal calibration=115
& 80 T microseconds per inch
0 B X Temperature=73° F.
- Absolute pressure=27
inches Hg
024 _ Charging voltage=15 kv
? .
= 1. Osciliogram No. 551-4
< 16 \ Vertical calibration=10.1
= \ ) amperes per inch
o \ Horizonta! calibration=115
& ) microseconds per inch
o 8 Temperature=73° F.
£ Lp ,  Absolute pressure=27
<< inches Hg
0 - — J Charging voltage=15 kv
v 1600 .-
=
T us
& 1200 f}
% \ Area i. -der curve=2.68 sq. in.
& } Factor=-40 millijoules per sq. in
> 800 |- Energy dissipated in spark
2 ; =~ 117 miliijoules
= \LL | -
< \
Z 400 - -
’-— ~
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SPARK DURATION, MICROSECONDS

Figure 16. - Analysis of osciliograms 551-3 and 551-4 given
in figures 15a and 15b. ‘
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Figure 18.-—Low pressure ignitability curves (minimum pressure at which
igoition occurs plotted as a furncticre of spark energy and
time duration) for the concentrations of aviation gasoline
grade 100/130 vapor in air noted on c¢ach set of graphs.
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Figure 19.-~Low pressure ignitability curves (m2inimum pressure
at which ignition oceurs, plotted as a funciion of
spark energy) for different concentrations of aviation
gasoline grade 100/130 vapor-air mixtures and for two
electrode configurations. Duration of sparks is be-
twaen 500 and 2500 microsecconds.
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3.3.6 Figure 19 gives five low pressure ignitibility curves for t. ree
concentration rdrlst:b and two electrode configurations {a) and (B)
described above. The data used for these ctrves were cbtained for a spark
duration between 500 and 2400 microseconds making the minimum ignition
pressures independent of spark duration (cf. Figure 18). The optimum
spark lgnition energy depends on the electrede configuration as well as
on the concentration of the combustible vapor-air mixture tested; in addi-
tion probably the best electrode configuration is a function cf the
temperature and pressure. However, a few preliminary conclusions can be
drawn from Figures 18 and 19; namely, the optimum ignition energy for
pressures below 2 inches Hg absolute is approximately 500 millijoules or
greater. Also, this energy should be delivered in aprroximately 500
microseconds. (This applies to a 1/4=inch gap.) '

3.4 Ignition Tempszratures

3skel The minimum spontaneous ignition temperatures obtained for the five
USaF combustibles investigated are listed in Table 3. Data have been
obtained at one atmosphere and 1/2 atmosphere pressure for the combustibles
in contact with a pyrex surface, and at one atmcsphere pressure with the
combustibles in contact with aluminum and magnesium surfaces {Table 3).

An important point to note in connection with Table 2 is that when in cone
tact w1th a mague51um surface (FS~1, Spec. QQuM~il), no 1gn1 ion occurs for

grade 115/1&5 up to 959°F. It is possible that these fuels may ignite above
these temperatures, however tests were not continued to higher temperatures
for fear of exceeding the spontaneous ignition temperature of the magnesium.

Table 3.~-Minimum spontaneous ignition temperatures(°F.) in air.

at 1 atmosphere at 1/2 atmosphere
Combustible in Pyrex in al¥* 1n Mgt in Pyrex

aviation gasoline 82, 824 918 1027
grade 100/130

Aviation gasoline : 880 842 959 1063
grade 115/145

aviation jet tuel 442 L2 468 864
grade JP=~l .

aviation Jet fuel 460 - 4,86 484 840
grade JP=3

Aviation hydraulic fluid 437 424 448 838
AN-0-366 /

* Aluminuﬁa335-+/2 hard, Spec. QQ-a=318
#% Magnesiuf FS=1, Spec. QQ-M~44
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3ehe2 The s#onta"eous ignition temperature for s combustible in contact
with a specified surface at a specified pressure may be plotted as ordinate
against the time lag before ignition as absaissa, for various concentra-
tions of combustible in air. When the combustible is in Sected into the
test flask as a liquid, the range of concentrations in the heated test
flask is wide, In this case, plots may bte made for various quantities

of injected combustihle. Typical plots are given in Figures 20a, 20b, and
20c for ajldtlon Jet fuel grades JP~l and ID~? and for aircraft hydraulic
fluid AN=O=366, respectively, in contact with a magnesium surface at one
atmosphere pressure. Similar plots are not available for eviation gasoline
grades 100/130 and 115/145 as no explosions were Obtdlheu with these fuels
in contact with a magnesium surface, as mentioned abocve (see also Table 3).

3.5 Mists and Sprays

3.5.1 Data obtained to date on sprays and misis indicate that the limits

of flammability determined for vapors may be used also in the case of sprays
and mists. However, flame propagation appears possible only if the com-
bustible liquid droplets are vaporized and the vapors mixed with suitable
anmounts of air in the presence of an ignition source. Thus we are confronted
with a problem of heat and mass transfere.

3.5.2 Because of the ease of formation of mists, the early exyeILmenbb on
this project were performed with aviation Jjet fu el grade JP-1 mists in air.
These mists were formed by vaporizing the fuel into an evacuated cylinder

and suddenly admitting cold air into the vapor=filled cylinder; this

produced a fairly uniform mist. The average droplet size in the mist varied
depending on the temperature of the vapor and the air and also on the time
elapsed between mist formation and droplet~size det:rminetion. In the

tests with aviation jet fuel grade JP~l, the averag: droplet diameter immedi-
ately after formution of the mist was 10 microns wi:h the mist at approxi-
mately 32°F, Tested under these conditions, the coicentration limits of
flammability were 55 and 300 mg. fuel per liter of iir (S.T.P.), respectively,
for the lower and upper limits of flammability., Th's corresponds to F/a
values of 0.043 and 0.23 (compare the lower limit v por-air data in F' e 7).

3.5.3 Two procedures have been used in the study o sprays; one uses a
Bosch injector, the other a two-fluid nozzle. The upparatus are described

in appendix IX.

3e5.4 The horizontal plane of the region of ignitirility of spray formed
with a Bosch injector using weak sparks produced by a luminous tube trans-—
former aare given in Figure 21. In these tests, 0.15 gram of JP~1 fuel was
injected into relatively quiet air at an injection pressure of 3500 psig.
The outermost envelope in Figure 21 gives the ignitible region using 18-gage
tungsten wire, or 1/8-inch brass welding rod, electrodes, if the electrical
power supplied to the luminous tube transformer exceeds 78 watts. However,
with lower power input, ignition was albained along this outer curve in 4
to 10% of the trials,. whereas ignition was attained along the innermost
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contact with magnesium (FS-1, spec. QQ-M, 44)
in air at atmospheric pressure.
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envelope in 30 to 42 percent of the trials, etc. The equi-ignition
probability curves (Figure 21) represent average curves cbtained for

three spark gaps measuring 1/8, 1/4 and 1/2-inch, respectively, the
corresponding primary powers being 30, 40 and 50 watts. These power ine
puvs correspond Lo voltages that barely sustain an arc for the three gaps
considered. When the electrodes were not permitted to cool betwecen tests,
ignition of the spray was more frequent than indicated by the envelopes

in Figure 21; this was more noticeable for the tungsten than for the brass
electrodes. : ' :

3+5¢5 The two-fluid nczzle spray apparatus is described in Appendix 1X.
The only quantitative limite~of~flammability data obtained with this
apparatus to date consists of a lower limit of flammability fuel-air ratio
for aviation jet fuel grace JP-1 of 0.0394. This value checks rather well
with the data obtained for vapor-air mixtures (Figure 7). It was obtained
by considering the air-velocity data for the 60° fummel (Figure 22), as
well as the air and jet fuel~feed rate to the two-fluid nozzle.

3.5.6 The airw-velocity data in Figure 22 indicate that in general there
is so much turbulence and entrained air involved in this type of air-
velocity measurement that the problem of determining average fuel-air
ratios is complicated considerably by any surfiace close to the exit hole
werk is performed by spraying into the

W perfom

of a nozzle. Accordingly, current
atmosphere with no restricting surfaces near the nozzle.

34547 The spray produced by the two~fluid nozzle consisted of a rather
heterogeneous mixture of varicus droplet diameters. Figure 23 shows a
typical set of photomicrographs of the impressions made on a carbon coated
micrescope slide by aviation jet fuel grade JP=l spray formed with a two~
1uid nozzle, The drorlet sige variation is very marked here. Surface
averaged droplet diameters varied from L) microns, 2.6 inches from the
nozzle, to & microns, 16 inches from the nozzle.

L3
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Figure 22. - Total air velocities due to the primary air from a

two fluid nozzle plus the entrained secondary air

for three exit chambers attached to the nozzle,

(large circles represent chamber outlets, numbers

in small circies are veiccities in hundreds of feet
per minute).
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SECTION IV

PROPOSED FUTURE INVESTICATIONS

L1 Future investigations of the flammability characteristics of air-
craft fuels should include at least four items, '

4.2 The first item is the completion of the incomplete projccts enumers-
ated under phases 1 and 2, paragraphs 1l.2.2 and 1.2.3.

4.3 The second item involves the study of inerting at low pressures. For
example, minirmim oxygen requirements for flame propagation of various aire
craft fuel=air-inerting gas mixtures will be studied at low and atmospheric
pressures. -

Lely, The third item on the present agenda is the study of the flammability
characteristics of new fuels. Data from earlier investigations should be
applied to new fuel blends in an effort to decrease explosion hazards in
the propcsed use of these fuels, '

Le5 The fourth item may best be stated as follows: To investigate the
flammability characteristics of various pure hydrocarbons found in typical
hydrocarbon blends and apply the resulting data to the study of the flamma-
bility characteristics of control blends which initially may consist of

twc or three component mixtures of accurately known composition. These

inv -tigations would be especially important at low temperatures and

pr= :res as mentiorned in paragraph 3.2.3.
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SECTION V

CONCLUSIONS

5.1 The compositions of aviation gasoline grades 100/130 and 115/145 and

of aviation jet fuel grade JP-3 are such as to permit flame propagation
in vapor~air mixtures of the fuels over extremcly wide temperature and
pressure ranges. Propagation of flame is possible at temperatures well
below those encountered in the earth's atmospherc and for pressures corres- i
ponding to altitudes greater than those normally attained by present day
aircralt, Flame propagates through saturatcd vapor=air mixtures of the i
above fuels at temperatures beiow =100¢F, and 2 inches Hg absolute
pressure (62,000 feet). A5 the temperature rises, flame propagates ‘
through unsaturated vapor-air mixtures of the above fuels at still lower :
pressures. For example, at 78°F. flame propagates through a2 2.99% aviation

gasollne grade 100/130 vapor—air mixtures at an absolute pressure of 0.63-

inch Hg (86,000 feet).

5.2 Flame could not propagate in aviation jet fuel grade JP-1 vapor-air
mixtures existing below 6&8°F., and 1.9 inches Hg (63,000 feet). The reason
for this is that the fuel contains no highly volatile components so that :

the total vapor pressure of all the components is too low at temperatures i

Taleaee £O0T L+~ 7y ~r gt s 3
below 68°F, 1o form an cxplesive mixture. Therefore, this fuel presents

a much smaller explosion hazard from the standpeint of the vapor that
exists at temperatures normally encourtered in handling and storage than
do the three fuels discussed above,

5.3 An electric spark delivered over a relatively long period appears to
be more effective as an ignition source than one delivered in a series of
short bursts, as in the case of a Ford ignition coil or a luminous tube
transformer. The surge generator built to achieve igniticn at low pressures ,
is the most efficient ignition source used to date; other sources tested if
include, besides the surge generator, luminous tube transformers and Ford

coils, capacitor discharges, heated wires, fused wires, and guncotton, and
are listed in the crder of their effectiveness for the ignition of com—

bustible vapor-air mixtures at low pressures.

5¢4 Of the combustibles investigated, the one most easily ignited spon=—
taneously at elevated temperatures and one atmosphere pressure was aircraft
hydraulic fluid aN-0O-366, with aviation jet fuel grades JP-l and JP-3
following very closely in the order given. Aviaticn gascline grades
100/130 and 115/145 ignited spontaneously at much higher temperatures, é
listed in order of ease of ignition. The above statements hold whether

the combustibles are in centact with a pyrex, aluminum or magnesium surface,
except that in the case of the magnesiuw surface the gasclines did not
ignite even when the temperature was elevated to approximately the ignition
temperature of the magnesium itself. The ease of ignition of the above
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combustibles at one-half atmosphere pressure in contact with a pyrex
surface in air was in thc erder, aviation hydraulic fluid aN-0-366,
aviation jet fuel grades JP-3 and JP-l, and aviation gasoline grades
100/130 and 115/145. The corresponding minimum ignition temperatures
at one-~half atmosphere were higher in all cascs than those at one atmos-
phere pressures. - .

5.5 Only a few of the problems associated with the ignition of mists and
sprays have been investigated thus far. The concentration limits of
flammability for very fine droplets appear to be approximately the same
as those found for vapor—air mixtures under the same conditions of
temperature and pressure. This indicates burning of vapor-air mixtures
surrounding individual droplets so that the successful burning of an
aggregate of combustible liquid droplets suspended in air presupposes
vaporization of all or a portion of each droplet, followed by mixing of
the vapor with the amount of air required to produce a flammzble mixture.
Fer this reason, the problems of heat transfer to liquid droplets and
mixing of vapor and air by a flame should be investigated. It is known
that large amounts of power must be dissipated by the ignition source to
achieve ignition of a spray, but energy requirements of spray ignition
have not been investigated,
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APPENDIX I
~ The F~1 Concentration Limits-of-Flammability apparatas

Essentially the F-1 apparatus (Figure 24) is a partial pressure

" limit—of-flammability apparatus {Ref. 9). The cembustible to be studied
is placed in a 20 ml. glass container p attached to the apparatus at the
lower branch of a T-bore stopcock © by a very short section of neoprene
rubber tubing. To study mixtures of a combustible and an inert, the
inert material container may be attached to the apparatus st the T-bore
stopcock ots The neck of the glass container p butts against the stem
of the T-bore stopcock., To prevent leaks, a hydrocarhon~insoluble grease
is used on the stopcock and a mercury seal g' is placed around the glass
container and the necprene rubber connecticn., At the beginning of a run,
stopcocks o and o! are connected belween g and a; plate b and mercury
seal ¢ are put in place; mixer e is filled with mercury to outlet valve
h by raising the leveling bulb g; the screw clamp on £ is closed and the
explosion cnamber is evacuated as completely as poss ible so as to bring
the manometer reading to within 0,1 mm. Hg of the baromster reading. The
air above the sample in p is removed through ¢, g, r and s. The sample
is introduced slowly into a by opening stopcock & until the manometer
reading has decreused x mm.  Stopcock o is then closed between p and a,
and opened between g and a to allow air to cnter a until the mercury
column in k falls to zero. The combustible and air in explosion chamber
a are mixed thoroughly by opering the pinch clamp on f and raising and
lowering leveling bulb g at least 50 times. This gives a uniform com~
bustible vapor-air mixture in which the percentage of combustible vapor
by volume is talen to be:

# conbustible = -’Pf- (15)
B ,

where x = partial pressure .of combustible vapor, Pg = barometric pressure.

If limits of flammability are to be determined below atmospheric
pressure, combustible vaper-air mixture is removed through g, o and of
until manometer k indicates the desired pressure. The mercury seal ¢ is
then removed, the room is darkened and a spark is passed between electrodes
¥« Visual observation is sufficient to determine whether or not the
mixture in the tube is explosive. This precess is repeated until the
limiting mixtures have been found for a series of precsurcs at constant
temperature,
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APPENDIX II
The -8 Igﬂiti"l pmycx ature Ay};a.n AN SR

The I~8 Ignition Temperature appdratus (Figure 25) (Ref. 39) is a
modification of that developcd by Scott, Jones and Scott (Ref. 27). lhe
essential unit of the apparatus is a standard Hoskins Type FD-104 electric
crucible furnace. This furnace consists of a heater f wound on an alundum
cylinder p, whose inner diameter and height are 5 inches respectively. The
top of the furnace is a trancite ring h and the bottom is a transite disk g,
both iastened to a metal cylinder v. The insulation consists of sections r,
r, and gs. As thc operaling temperatures at the top and bottom. of the crucibie
well are below the temperaturc at the mid-section, a neck and base heater
were added to the furnace. The torroidal neck heater e is wound on a tran-
site ring k, using 50 feet of ‘No. 26 B&S gage nichreme wires A transite ring
n keeps the 200-cc. erlenmeyer test flask a in place and supports the
ceramic insulators m. The temperatures at “the neck, mldnsection, and base
are measured bJ means of thermocoupled b, c, end d, respectively. These
temperatures are reccrded on 2 channels of a 12~channe1 electronic tempera—
ture recorder. The temperature variation between any two thermocouples is
easily kept at less than 1/2°C. over the entire working range of the appara-
tus (the working range is limited by the softening point of the pyrex test
flask). The temperatures of the three heaters are varied by means of threc
autotransformers connected to the heaters by terminals t, t, u, u.

Operations with this apparatus may be divided into three steps: tempera-
ture control, injection of sample, and obssrvation. The first step involves
adjustment of the three autotransformers to bring the temperatures at the
top, center and bottom of the test flask®* to within 1/2°C. of the desired test
temperature. A measured amount of thc somple is injected into the test flask
with a l-cc, hypodermic syringe calibrated in units of 0,01 cc. The inside
of the test flask is then observed by means of a mirror placed at the appro- \
priate angle above the flask., An electric timer is switched on at the instant
the sample is injected intc the test flask and stopped at the first appearance
of flame in the flask. It is often necessary to darken the room in order to
see the flames which are rather light blue in cclor, If no flame appears
within about 5 minutes, the volume of sample tested is considered nonflammable X
at the temperature of the test flask. . The test is then repeated at a higher §
temperature ard/or for a different concentration of combustible. }

When the I-3 apparatus is used for low pressures it is housed in a low- |
pressure stecl chamber. This chapber is equipped with an outlet port abtached |
to a vacuum pump. a manometer, electrical connectors, a water-coolied coil, i
a liquid injector and an observation window. The procedure followed is the ';
same as for atmospheric pressure.

% Three test flasks were used for the investigations reported here; a 200 cc.
erlenmeyer pyrex flask, a 500 cc. cylindrical aluminum (525-1/2 hard Spec.
QG—-A-318) flask and a 500 ¢Ce Cylindricai magnesium (¥FS-1 Spec. QQ=M—=il)
flask. The cylindric dl flasks were 4 inches high and 3 inches in diameter.
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Figure 25. - Detailed drawing of the |-8 ignition temperature apparatus.
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APPENDIX III
/ The F-9 Temperature Limits of Flammability apparatus

This apparatus is used to dstermine the temperature limits of flamma-
bility for saturated combustible vapor—air mixtures at atmospheric and re-—
duced pressures. Since the vapor pressure of a combustible depends on the
temperature, the quantity of vapor in a saturated vapor-air mixture above

he cembustible may be varied by varying the temperature of the combustible.

f, in addition; the absclute pressure of the vapor-air mixture can be varied
while the temperature is kept constant, the concentration of fuel vapor in
the vapor—air mixture above the combustible may be varied. In this way,
flammability tests can be conducted on saturated fuel vapor~air mixtures at
various cencentrations, thus making it possible to determine the limiting
mixtures that lie between the explosive and nonexplosive regions. Since
this is a vapor~pressure apparatus, very accurate temperature control is
requirecs An acenrate control of the absolute pressure in the explosion
chamber is nscessary tco define the limit mixture accurately.

The schematic diagram of this apparatus is given in Figure 26. A general
view of the F=9 explosion chamber installed in an oven is given in Figure 27.
The electronic temperature controller appears in Figure 32 with the F~11
apparatus. Accordingly, this controller will be discussed in connection with
the F-11 apparatus in Appendix V.

Approximately 20 ce. cf ths sample is injected into the system at ¢
(Figure 26). The oven temperature is adjusted to the desired value and kept
constant during a seriec of tests. The absolute pressure in the explesion
chamber is varied from test to test by means of pressure adjustment valve E.
The vacuum pump is started and valves B and E are adjusted for the desire? rate
of air flow throvgh the saturator and the desired pressure in the explos®. ::
chanber. The rate of air flow through the: saturator is kept low so that = =2
vapor-air mixture in the explosion chambe:- is almost quiescent. The bul: .f
the vapor-air mixture moves upward iu the explosion chamber at less than .me
foot per minute. A low air-flow rate als« helps maintain a uniform tempe:iture
as the saturator does not cool noticeably due to vaporization of the samp ..

Air enters the sysitem at A, is dried and metered and passed into the pre-—
heater tube (5 mm. C.D. pyrex glass tubing, 125 cm. long)s A sintered glass
well is attached to the end of the preheatzr. The air passes through this
well into the sample in the ssturator. Ttz saturator is half full of 3 mm.
perforated glass beads that are covered by the combustible liquid sample. The
explosion chamber is flushed thoroughly several times with vapor-air mixture.
The rubber hose segments between points B and O, and points D and E are
pinched off and the vacuum pump is stopped. If the pressure changes slightly
during this last step, it is readjusted to the desired value. The room is
then darkened and a spark discharge passed through the vapor-air mixture about
three inches from the bottom of the explosicn chamber. If a flame propagates
at least thirty inches (approximately 2/3 the length of the explosion chamber),
the mixture is considered flammable. Flame propagation along 2/3 of the length
of the tube is chosen as the governing criterion because the top portion of
the explosion chamber passes through the oven and exhausts into the air or
into a low-pressure system which is at room temperature and not at the tempera-
ture of the oven.
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Figure 27. Close up view of the ¥~9 and F~11 explosion
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APFENDIX IV

m. n

The F-l0 Teizperature Limits of Flammability Apparatus

The F-10 apparatus is similar Lo the F-9 apparatus described in
Appendix III. The F-10 explosion chamber is two inches in diameter by
18 inches in length and is housed in a cold chamber (Figures 28, 29 and 30).

'In making a test with this apparatus, dry ice is first placed.in the
sub=zerc vabinet j (Figure 28) and the thermoregulator set for bhe desired
test temperature, When the desired steady-—state temperature is reached in
the sub-zero cabinet, dry ice is placed in the Dewar cup surrounding water
trap g, which follows drying towers e and f, and a cooling mixture in the
cup surrcunding saturator h. The compressor a is started and the initial
pressure head adjusted by means of ¢c. The flow rate is set by the needle
valve preceding saturator h. Dried air almost saturated with combustible
vapor at a temperature slightly higher than the explosion chamber i, tempera—
ture is passed through the explosion chamber, as in the case of the F-9
apparatus (appendix III). The air is metered by wet-test gas meter m after
all the vapor has been removed by liquid trap l. Flask o and bubbler n are.
used when the vapor-air mixture is passed through the apparatus without
being metered. The vapor-air mixture in the explosion chamber is tested
as in the case of the F=9 apparatus, except that here the entirc explosion
chamber is at the same reduced temperature and the criterion for flamma-
bility of a mixture is [{lume propagation the entire length of the explosion
chamber. The auxiliary apparatus k, p, g, r, s, t, and u are used for
partial pressure determinations. '

APPENDIX V
The Fel1l Concentration Limiteof-Flammability Apparatus
The F.21 apraratus {(Figurc 21) iz =2 fl:w«type elevated~temperature
constantepressure concentration limit-—of-flasrability apparatus (Refs. 38
and 39). It consists of the following parts (Figures 27, 32, 33 and 34):
1. Constant-temperature bath
a. Oven and heaters

b. Temperature recorder
¢, Temperature controller

2. Explogion Chamher

3. Vaporizer snd Mixer
59
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Figure 32,
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Genersl view of the liguld feed device, alir feed
aspembly, and photoelectric temperature controller
(7C-19) used with the F-11 limit of flammability

apparatus,
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Figure 33. - Schematic disgram of the TC-13 photoeiectric température
controller used with the F-3 and F-11 limit of flammability
apparatus.
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Figure 34a. - An improved model of of the liquid feed service used
with the F-11 limit of flammability apparatus.
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Figure 34bh. - Schematic diagram of the electrical portion of the
liquid feed device {improved model).
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he ILigquid-feed Device

2, Drive unit
« Hypederiic syringe and needle
¢. adapter

5. Aair-feed assenbly

a, Constanv pregsure device ‘
b, Wet-test gas meter and calibrator
¢es Flowmeter

6. Ignition saurce

a. Electrodes
b. Voltage source

1. Constant=temperature bath. an air bath is used to keep the explosion
chamber and the vaporiger at a constant temperature. The air-bath housing
consists of 2 large two-door commercial oven (working chamber dimensions,

37 x 25 x 50 1ncbes) The oven is equipped with a 12-kw. low-gradient heater,.
A 3—phase motor (AAO volt, 3/h hpe.) rctates a directly connected centrifugal

2 ) R e R R S | ~ Lo s
fan woich is ouau.l.\.a.x...n..y ana u]&axu.&u oLy balanccd. This fan circulates the

air over the heater and through the c¢ven chamber. The oven temperature is
controlled by a mercury expansion off-on thermostat, which keeps the oven
temperature within 5°F. of the desired temperature, from 100° to 500°F.
Temperatures near the bottom, center, and top of the oven are recorded on
three channels of a 12-ch nel electronic temperature recorder; three No. 20
B&S gage iron~constantin - :rmocouples are mounted directly on the explosion

T 2naab
CHRanocT e

Additional tempe-:zture control is provided by nine 1000-watt strip
rs installed in the : -circulating duct of the cven; the temperature of
e heaters is controll- . by two variable autotransformers. The main

heate
es
12 kw.) heater generally s not used for temperatures below 200°F,

t
(

& photoelectric temperature control (TC-19) is used to maintain the
oveu temperature constant to within 31/4°F. of any temperature from 100° to
500°F, This temperature control (Figure 33) is a modification of the one
used by Roof {Ref. 22). The sencing element consists of a No. 36 B&S gage
platinum wire wound into a l.mm. helix, on a mics support (Ref. 31) placed
near the top of the 12-kw. heater. Accordingly, the temwperature conptrolled
is that near the upper end of one side of the 12-kw. heater. However, as
the recorded temperature is the oven temperature, by reading the record
periodically, the control can be adjusted to give very satisfactory results
even before a dynamic temperature equilibriwn has been attained,

The piatinum sensing element makes up-one leg of a commercial wheat—
stone bridge. When the bridge is unbalanced by a change in the temperature
of the platinum wire, current fiows through an I&N galvanometer G (Figure 33)
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cnsitivity is 0.045 4 a per ame This current rotates the galvanometer
mirror so as to reflect the light from source S to photoelectric cell Vy or
Vo, depending upon whether the temperature of the platinum sensing element
is greater or less than the desired temperature. If the oven is too hot,

S1 closes; this closes 53, which in turn opens S, and 35, thus breaking the
flow of current to the 12-kw. heater. If the oven is not hot enongh, the
reverse sequence of relay. operations occurs, initiated by the opening of 3,.
S),, which is normally closed, makes it possible to use the apparatus at room
temperature, or at elsvated temperature if necessary, even though TC-19 (the
photoelectric temperature controller) is inoperative. ~ When TC-19 is in use,
the Partlow mercury—expansion control is set at a temperature 3°F. above the
desired oven temperature to provide a safety switch. Thus, if TC-~19 becomes
incperative during a heating cycle, the temperature rises until the micro-
switch in the Partlow control shuts off the 12-kw, heater.

In using TC~19, the oven is first prought to the desired tempera-
ture with the Partlow control. Then TC-19 is turned on and the wheatstone
bridge is adjusted to give 2 null indication on the galvancmeter at the
desired temperaturc. The temperature record is examined periodically and
the wheatstone bridge a2djusted if necessary.

2. Explosion chamber. The explosion chamber is a cylindriecal pyrex—glass
tube with an inner diameter of approximately 50 mm. and a length of 4 feet.
The combustible gas-air mixture enters the cylinder through an opening at the
base,- It moves up the cylinder at a rate of 3 to 15 inches per minute,
depending on the rate of delivery of combustible and air to the systeme.

3. Vaporiger and mixer. The vaporizer and mixer consist of a continuocus
8-mm. pyrex tube approximately 12 feet long. They are designed to insure
thorough mixing of the combustible liquid with the air delivered tc the vapor-
izer (Figures 27 and 32). :

Le Liguid-fecd device. The liquid-feed device (Figure 34*) consists of
"a drive unit housed in a brass body b, a hypodermic syringe o with a L~inch
No. 19 needle m, which is inserted in the vaporizer j, through a rubber
stopper k, and a set of adapters r and g. The drive unit is maue up of a
1~RPM fractional horsepower motor with buill~in gear reducer n, 3 sets of
interchangeable gears x and y, a machined feed screw 1/2~inch in diameter
with 20 threaas per inch ¢, and a driving head v, which moves the plunger t
of the hypodermic syringe o. This driving head is kept from rotating by a
guide rod S'. Standard l-cc., 2-cc., 5-cc., and 1G-cc. hypodermic syringes
are used. The syringes are mounted in brass adapters g, which in turn are
mounted on the base p of the liguid-feed device. The same adapter is used -
for the l-cc., and 5-cc. syringes so that a fiber sleeve r is inserted into g
when the l~cc. syringe is used, The lengih of the adapbcors can be adjusted
so as to place the hypodermic syringe and needle in the proper vertical pesi-
tion. Once the proper position is found the adapter is locked by means of a
fiber set screw. A limited amount of wertical positioning can be obtained
atso with height—adjustment screws on the four legs h of the liquid-feed

#* The apparatus shown in Figure 34 ic an improved version of the one used
the tests described in this report. -

WaDC TR 52-35 68




ing nuts, which kecp them in place
been found. In practice it is much
with the brass adapters than with

device; these are equipped with
when the proper syringe position
. sasier to make all height adjus

The vertical speed of the driving head depends primarily on the
gears mounted on the drive shaft z and on the feed screw c¢. The distance be-
tween the centers of the drive shart and the feed screw is constant (32 Mile ) e
Therefore, assuming that the same size teeth are used on the gears, the oniy
criterion for the cheice of gears is that the sum of the teeth on each set
of two gears be a constant. The avaiiable gear sets have a total of 120
teeth. Since the shaft speed of the motor is 1 rpm and the machined feed
screw has 20 threads per inch, the rate of delivery of liquid by the liguid-
feed device can be calculated for any particular hypodermic syringe and gear
combination; gears with 40, L5, 60, 75, and 80 teeth are available.

The electrical portion of the ligquid-feed device (Figures 34a and 34b)
consists of a 115-volt AC receptacle shell d, 2 reversing switch e; a lowcr=
1imit microswitch f, actuated by an adjustable rod a, a cable g, a phase-
splitting condenser S, and an upper—limit microswitch w, actuated by the
upper—limit bar u. :

5. sir-feed assembly. The air-feed assembly consists of a constant—
pressure device, a wet-test gas meter with its calibrator, and a flowmeter.

The main element of the constant pressure device consists of a bubb-
ler a placed Just before a high resistance consisting of a CaClp drying tower,
the wet-test gas meter, and the crifice of the flowmeter.

The wet-test gas meter is a nujol~filled, 3 liter per revolution,
wet-test gas meter. The meter calibrator is made from a glass tube similar
to the one used for the cxplosion chauber., The {iowmeter is esseniially a
water~filled manometer calibrated to give approximate rates of air flow
(Figure 32).

6. Ignition source. The ignition source is composed of a pair of No. 20
B&S gape platinum-wire electrodes placed 3 inches from the base of the exple—
sion chamber and spaced approximately 1/4-inch apart. The voltage source is
a 15-kv., 30 ma. neon sign transformer. The primary of this transformer is
connected to an autotransformer.

In determining the concentration limits of flammability of a com-
bustible in the F-11 apparatus, one must first calculate the amount of com~
bustible theoretically needed for complete combustion (T.C.C.}. This has
been done for the paraffin hydrocarbon series in paragraph 2.11.2. & rough
rule that may be used in setting up the F-11 apparatus for many hydrocarbons
is that the approximate values of the lower and upper limits of flammability
are 0.5 x T.C.Ce and 3 x T+C.Ce, respectively. Once these values and the
specific gravity of the hydrocarbon are known, the proper hypedermic syringe,
liquid~feed device gears, and flowreter setting are chosen; cne determination
requires approximately 30 minutes.
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justment of the Nujol level

The first experimental step i 5
the calibration of this meter

in the wet test gas meter d, (Figure 31)
is accurate to within X 0.35%.

The temperuture of the explesion chamber o, ie 2Gjusted to within
1/4°F, of the desired value. '
The air flow into the explosion chamber is adjusted to the desired

a
rate (4 to 20
testing of ths
the air flow,

-
liters of air per hour)., This is slow encugh to permit the
coobustible~air mixture without fear of turbulence due to

The proper gears are put in pluce on the liquid feed aaqembly k
(this is determ1ned by the choice of combustible and hypodermic syringe j).

The hypcdermic syringe J is filled to a predetermined level (a fiber
block is locked in place on the stem of the Hyp-,,rm1c svr1nge) and welgbed
on an analytlcal balance. The Sy"‘lllF’e is then mounted iin & adapier nu.Luu,
in turn, is mounted in the liquid feed assembly. The stem of the syringe is
locked in place on the driving mechanism of the liquid feed device, and the
fiber block is removed. ILiquid is"fed into the air stream at point i (points
h and 1 are used when more than one liquid is to be fed into the air stream)
of the » vaporizer m.

The motor of the liquid feed device k, and the electrlc timer g, are
started (both are connected te the same eleciric on—off switchj, and the
wet—-test gas meter reading is recorded.

after enough vapor-air mixture has passed through the explosion
chamber to flush it completely six times, the perfcrated cover p is removed
from the explosion chamber and a spark is passed through the vapor-eir
mixture. The results are.observed visually. If only a flame cap is produced
by the spark, then the mixture is considered nonflammsble. If a flame
travels uniformly at least two=thirds or more of the length of the explosion
chamber without having a broken flame front, then the mixture is considered
flammable. In general, 2 flame that travels two-thirds the length of the
explosion chasbar with a uniform flame front will travel the entire length
of the explosion chamber. Flames which travel up the sxplosion chamber
with a broken fiame front seldom travel over two thirds the length of the
tubc; when they do, however, the test is repeated with the energy of the
spark source decreased so that it does not create a turbulent mixture in the
tube. If the flame still appears erratic, the concentration of the vapor=
air mixture is changed slightly and the test again repeated so that the
flame either does or does not travel at least two thirds the length of the
explosiocn chamber.

The timer and the liquid=feed assembly are turnzd off, and the wet-—
test gas meter reading is recorded.

The pressure and temperature of the air in the wet-test gas meter
are recorded.
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The hypodermic syringe and {iver block are again weighed on an
5
anaiytical balance. :
The composition of the vapce —~air mixture tested is calculated as  /
follows: Y
! 7/

. . ;
rercent combustible b} volume j_n a.r { u_Ls is ta. i to mean the

*1ons of normal temoeraLu;e anct pressure) at normdl tempe; ature and '*ras-
sure (NTP) =

A% ) 1008 w

va . A vPIT - \Vl + Va
M PT?

Aw = weight of sample fed into system in the time interval
trinal = Yinitial = bf = ¥4

volume of liquid vapor (NTP) ccirespending to Aw

V] =
Av = volume of air at temperature T! fed into system in the time
.LJLUUJ. VGJ. bi‘ bl h . :
v, = volume of air (NTP) corresponding to Av
V = 22.4 liters
T = 273°K.
T? = temperature of air passing through the wet-test gas meter
P = 760 mm. of mercury

In general, a series of four to eight tests is required to deter—
mine the lower or upper limit of flammability of a combustible in air at any
particular temperature and pressure. These limits are then plotted as
abscissa against the temperature as ordinate.

The limits of flammabiligy having been determined as the percentage
by volume of combustible in air at NTP, they also may be expressed in terms
of milligrams of combustible per liter of air {(reduced to NTP), as fcllows:

L nZe _ L(% by vol. in air) M
liter(air) | /Y00 - L(% by vol. in air)_JV

= 22,4 liters; M = molecular weight of the combustible,

The fuel~eir ratio, F/a, at the limits of flammability may be
determined from the limits expressed in terms of mg./liter as follows:

_pMEe 22,41 1 - mg.
F/a = L 3% X 55255103 mg, = 00007736 L (557)
where L must be ve:-tpl essed in mg./liter.
I
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If L is expressed on a percentage basis, then

Or, using the original weight data we can write:

_Aw PI'  ng.
Av P'T 1

d F/a = 0,0007736 2w PT*
and F/ 7 TAv P'T

The accuracy of this experiment may be determined by con51der1ng each of
the above factors as follows: :

Loss of sample due to evaporation around the plunger of the hypo~
dermic syringe and the peint of connection of the needle to the syringe.

Haﬁdliﬂg losses during weighing., These include, in addition to
evaporation, loss of sample from the end of the 4-inch No. 19 hypo-
dermic needle.

It is important that the combustible sample be fed into the vapor-
izer m, at a uniform rate, and that vaporization of the sampls f:cn the
vaporizer into the air stream should not only be constant but s! -al1d occur
at a rate equal to the delivery rate of the sample into the vap . .zer. The
constant rate of delivery of the sample te the vaporlzer may be Tected by

several factors:

Change in the density of the sample during an experim- %, (An
air conditioning system is ised to maintain the room temper-iure to
within less than 2°F, of th: desired temperature.)

Changes in the speed ¢ the driving motor in the llquld-feed
device ke

Variation in pitch of :he dr1v1ng screw in the 11qu1d—feed
device.

Large changes in the barometric pressure dﬁring an experiment.

Av. This factor is cbtained by means of a wet-test gas meter,
which is calibrated against a secondary standard; therefore, the accuracy
of Av depends entirely on the accuracy of calibration of the wet-test gas
matef.

To ensure 2 homogeneous gas mixture, the rate of delivery of air
tc the vaporizer also is important, This rate of delivery is maintained
f£airly uniform by means of a constant flow device; a flowmeter, and a valve
(Figures 31 and 32). '
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P* and T*. The accuracy of the first term depends on the
barcmeter Lthat is used and on the manometer £ that is attached tc the wete
test gas meter d. The accuracy of the second term depends on the thermome-—
ter e used in the wet-test gas meter,

1

tions in P! and T® produce only negii

vaiia je devie-
of flammability,

Laboratory
gtions in the limits

th variations in Aw/ &t and & v/ A t are by far the most
critical. The variat.ons of A w/ At depends, among other things, on the
boiling poiiit and surface tension of the combustible uced and on the size
-of the hypodermic syringe. The losses of several combustibles were deter—
mined by performing all the steps enumerated in the above procedure without
turning on the motor cf the liquid~feed device. Losses of 2 to 5 mg. of
sample were found in some cases, representing a loss of 0.5 to 1% of thev
sample. &s the error in the wel-test gas meter reading may be of the sam
order; the experiments generally are accurate to within * 2%, due to vari-

ations in the air and liquid supply. The over=all accuracy of the experi-
ment should be within * 3%, allowing for temperature and pressure variations.

AFPENDIX VI
The F-12 Limit~of-Flammability apparatus

The F=12 is basically the same as the F-1 apparatus (appendix I).
It differs from the F-1 apparatus in that its explosion chamber is housed
in a 30 cubic foot cold chamber similar to the & cubic fcot chamber used in
conjunction with the F--10 apparatus (appendix IV), and it uses a two-stage
automatic mixer similar to the one used with ths F-24 apparatus {(Appendix
VIII)s The 30 cubic foot cold chamber used with this--apparatus has a work-
ing chamber height of 5 feet., The data obtained with this apparatus is
similar to the data obtained with the F-l apparatus emcept that it is obtained

at low temperatures.

APPENDIX VII
The F-21 Temperature Limit—of-Flammahility apparatus
The F-21 apparatus is similar to the F-9 apparatus described in Appendix

I1I except that its explosion chamber has an inside diameter .f 4 inches. It
is housed in the same oven as the F~9 apparatus and uses the same type of

saturator.
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£PPEHDIX VIII

The F=2l, Concentration Limit—of«-Flammsbility Apparatus

The F~24 is basically similar to the F-l apparatus {appendix I). !
differs from the F~1 apparatus in several details (Figures 35 and 36). First
of all, the mixture to be tested is mixed in a 20~liter gas bottle j (Figure
35) so that several low pressure tests may be made on one mixture in the
L-inch diameter explosieca chamber a. Secondly, the mixing device is auto-
matic consisting of mercury pumps g' and f' which are cperated by raising
and lowering mercury bottles g and f. Bottles g and f are raised and lowered
by cross arm ¢ which is coupled to a drive mechanism by means of a solid
steel link. The drive mechanism consists of an electric drive motor, a gear
reducer and an offset drive shaft (Figure 36). The remainder of the apparatus
is similar to the F-l apparatus as may be scen by comparing Figures 55 and

2o ' o

APPENDIX IX

Spray snd Mist apparatus
Three types cf apparatus have been used for these investigations. The
first type (for mists) consists of an apparatus similar tc¢ the F~9 (appendix
III). The combustible to be misted is vaporized into the evacuated explo-
sion chamber which is kept at a low temperature. Air at a low temperature
is then mixed with the vapor, thus forming the desired mist. The mist
temperature can be controlied by varying the vapor and the air temperatures.

The second apparatus (F~-26 spray apparatus, Figures 37 and 38) is a
continuous flow setup which uses a two-fluid nozzle to generate the sprays
t0 be tested. The schematic diagram (Figure 37) of this apparatus lists
all the components used in msking spray ignition tests. It consists basice
ally of 5 components: & source of supnly of air, a source of supply of fuel,
a two~fluid nozgle, a test chamber and an ignition source, Rotameters are
used to measure the flow rates of the air and fuel fed to the two-fluid
nozzle which produces the spray. The spray is forced into. the test chamber
where it is tested by passing a number of sparks through it at various points
in the test chamber. An electronic photo timer, an autctransfermer (variac),
a luminous tube transformer and a set of spark electrodes make up the igni=
tion system used with this apparatus. Auxiliary apparatus used in conjunction
with the F--26 apparatus include droplet size measurement apparatus such as
collectors, microscopes and photoelectric microphotometer,

The third apparatus (F~27 spray apparatus, Figurs 39) is a solid injec=
tion type consisting of a hand pump and nozzle to produce the spray, and a
high voltage spark apparatus to test the ignitibility of the spray. The
hand pump is an American Bosch nozzle test stand {(APFH 1B-~100B-351), the
nozzle holder an ARB35 Bosch holder, and the nozzle an ADN852 Bosch nozzle,

set to open at a pressure of 3500 pounds per square inch.

4
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The ignition apparatus consists of an electronic timer, an autoihrans-
former, a 15 kv., 30 ma. iwnlnous tuve transformer and a set of spark elecw
trodes. The secendary terminals of the lumincus tube transformer are

canected directly to the spark electrodes which are made of either 1/8-inch
brase welding red or of 78-gape tungsten wire. The procedure involves first
the initiation of a spark between the electrodes and second the produclicn
of a single burst of spray in a fixed direction. This procedure is repested
for a murber of spark electrode positicns and spark power outputs in corder
te determine the regions of ignitibility of the spray.

3

APPENDIX X
Ignition Sources .

A number of ignition sources were employed during this investigation.
These sources included Ford spark ignition coils, heated wires, guncotton,
sparks produced by discharging a condenser, luminous tube transformers, and
2 surge generator which proved to be the most efficient. However, for
altitudes to approximately 65,000 feet, a 15 kv., 30 ma. luminous tube trans—
former is quite efficient. A 15 kv., 60 ma. luminous tube transformer works
nicely to approximately 70,00C feet. A surge generator has been used for
ignition at altitudes in excess of 80,000 feet.

The surge generator used at the U. S. Bureau of Mines consists of 6
basic components (Figure 40).

1. Power supply

2. Surge generator

5. Delay network

Le Surge clipper

5. Voltage and current measurement
circuits

6. aAssociated power supplies and
calibrating circuits’ :

1. Power supply: The power supply (Figure 41) is a conventional supply
uilt to charge the surge generator .capacitors to any potential up to 20,000
volts in approximately 3 seconds, The output voltage is adjustable over the
entire range 0 to 20,000 volts by means of a variahle autotransformer placed
on the primary side of the high voltage transformer. The charging voicage
is measured with an electrostatic voltmeter and kept constant during a
series of tests in order to make it more nearly possible to obtain sparks

The initial: surge of

f guroas conerator nf‘ nl\ncn ant onanor nnh+nn+
rom the our g generav ISLant enelry Clnucr R fte]

charging current is limited by a suitable high vo¢tage charging resistor.
80 !
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2. Surge generator: The surge generator (Figure 41) is composed pri-
marily of a capacitor, series inductance and resistance, and shunt r.sist-
ance, The values of these circuit elements are so chosen as to deliver a
spark of lLhe proper energy content, duraticn, and wave shape that is
desired for a given application. An over~damped, or non—cscillatory wave
is generally used. The capacitor (or capacitors) is charged to a stea
voltage by the power supply and then discharged by means of a small trigger-
irg pulse applied to the triggering gep. The surge voltage appears across
the shunt resistarce {which is also the voltage divider) and the spark gap
(in the explosion chamber) which then sparks over. The capacitor is the
erergy storage element, but over 99% of its energy is dissipated in the
resistors. A good grade of oil~filled mica capacitor is used which is
capable of withstanding 20,000 volts and having low internal resistance and
inductance., A series inductance is used to reduce the initial rate of rise
of voltage across the gap and also the rate of rise of discharge current
through the gap. These features help to insure more consistent sparking of
the gap and more reliable voltage measurements by the non-inductive
resistors, which might give erronecus results with a steep~front wave.

The series resistance (part of which is the current shunt) is adjustable

50 as to vary the maximum surge current and duration of the spark. This
resistance may be varied along with the capacitor in various ways to change
spark cnergy and duration more or less independently. All the resistances
used are of Lhe wire-wound, non—~inductive type..

oo
o0

3. Delay circuit: In order to be able te display on the oscilloscope
screens the traces of spark voltage and current, it is necessary to delay in
some way the signal represerting these values by the time required to initi-
ate the sweep ¢ "se and permit an inch or so of tiravel on the linear part

of the sweep. .5 is accomplished by means of a time delay circuit
(Figure 42), w - produces two pulses with an adjustable time interval
between them. + first pulse, a low voltage one, triggers the sweep when
the Wdelay trip” button is depressasd, and the second pulse, a high voltage

; . i s
ers t he test gap brezks down almosg

the
instantaneously  The triggering gap of the surge generator is "sensitized?
by means of radicactive material to make it operate consistently.

4
. T , oA
one; triggers 1. surge generator and

Lo Surge clipping circuit: The voltage required to spark—over the bomb
. gap and to deliver the required current may be 100 to 200 times the minimum
are voltage existing across Lhe gap after brezkdown. Tt is desireble to
obtain on the gcreen cof the cathode ray tube a reascnable deflection repre-
senting this arc veltage, which is of the cider of 5C velts. 4t the same
time, the tube must be prolected against the pre-breakdown voltage, which
may be several times the voltage rating of the deflecting plates, which is
1000 volis in the case of tac 5CPll-a tube in the Dumont 30L~H oscilloscope.
This proteetion is accomplished by means of the clipping circuit (Figure 43).
The clipping tube is a diode biased so as to clip off all of that portion
of the veoltage wave above 1000 volts, but to leave undisturbed that porticn
which is less ihan 1000 volis, which "is a range sufficient enough to record
all oscillograms encounter<d thus far, The cathode—ray tube is so designed
that voltages may be apriied up to six times that represented by the con-screen
trace, without distorting the on-screen deflection,
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Figure 43.—~Circuit diagram of the surge clipper.
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5. Veltage and current measurement circuits: The surge voltage across
the test gap wss measured with a voltage divider composed of nonw—inductive
resistors totaling about 8000 ciansi this value was chosen sc as to be sube
stantially larger than any series resistance which might be placed in the
surge generator. Tnis divider was divided into two parts, one being at

the gap end of the coaxial cable and Lhe obher part baing at the oscillo-
graph end. The oscillograph plates were connscted across this sccend
gection so that thc oscillograph observed aboutl half the voltage appearing
t the test gap. With the transients observed te date it has not been
necessary to terminate the voltage cable with its characteristic impedance,
thereby making t possible to couple d$reCE1J'*O the plates of the oscnllo—
graph without the use of amplifiers.,

The current through the test gap is likewise measared with a suit-
able non~inductive resistor and the signal transmitted to the oscillograph
through a coaxial cable, This cable was terminated by its characteristic
impedance of 75 ohms. '

The non~inductive résistors used were of the power wire-wound type,
having zero voltage and temperature coefficients of resistance under the
experimenta] conditions. Roth manufacturerts cspecifications znd 2 check with
a radio-freguency bridge confirmed the excellent frequency response of these
resistors, the impedance being equal to the D.C. resistauce up to one mega-
cycle, with less than one percent devistion, One megasycle is scmewhat
higher than the highest narmonlo which might he aarlved from analysis of
the impulses reported here, so these resistors are considered satisfactory
for the measurements undertaken in conJunctlon with the ignition energy work
described in Section 3

The basic oscillograph used to record the oscillograms reported here
was a Dumont 304~H. An auxiliary, or Wslave®™ oscillegraph (Figure 44), was
tuilt havirg a common sweep signal with the 304~H, or "™master'™ unit. This
made it possible ‘to record simultaneously oscillograms of voltage and
current as a function of time. Two Dumont Type 296 cameras were used to
record the oscillograms, all on 35 mm. Super XX film. Tt is considered that
more accurate and more easily interpreted results can be obtained by plotting
current and voltage against time separately than by plotting current against
voltage. The "elave' unit has independent position, focus, and intensity
controls, As mentioned previously, the signals were ccupled directly to
the vertical deflection plates, sc there is no problem with gain and response:
of the vertical amplifier,

Frequently, during a series of testes, it is necessary to calibrate
the X-axis, or time base, of the oscillograms, For this calibration a sine
wave is dcuble exposed on the oscillograms by means of an accurate signal
generator connected thrcough the vertieal amplifier. The calibration, con-
veniently expressed in microseconds per inch, changss very little during the
course of a day for a given setting of sweep and herizental gain controls.
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Calibraticn of the Ywaxis is aczcomrplished by taking a series of
ogcillograms of é0~cycle voltagea applied directly to the vertical plates,
and measured with an accurate 60~cycle voltmcter., This calibration can
be made to about % 1% and does not change over a long period of time. A.C.
muist be used instead of D.C. because of the capacitor coupling that is
necessary in the oscillograph eircuits to block the D.C. positioning volte
2ges. The backeround illuminaticn on the screen can be adjusted so that

he ruled grid can be superimposed on the oscillograms for purposes of
measurcment .

7. Yoliage and current surges: A& typical voltage and current surge
produced by a simplified surge generator is given in Figure 45. The surge
parameters used for the actual and theoretical waves ars givern 4n the insert.,
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