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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. Bureau of Mines Gaseous Explosions Laboratory
between February 19, 1950 and February 19, 1952 are presented. Two
aviation gasolines grades 10O/130 and 115/145, and two jet fuels grades
JP-l and JP-3, were inve3tigated. 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.
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INTRODUCTION

The limits of flahmability of various con'bustible-air mixtures have
been the subject of extensive research. }{ow~-v•r, few investigators have
considered limits of flammability at redu -- inperatures and pressures.
As high altitude flying involves explosion 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 eystematic
research program on various flammability characteristics of aircraft fuels.
The work reported here is an outgrowth of the original WADC investigation.

x
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SECTION I

PURPOSE OP THE PROJECT

1.1 The present project involves the determination of various flamma-
bility characterist!ics of aircraft fuels under flight conditions. Its
purpose may be determined best by ccnsidering the program undertaken and
the fuels studied.

1.2 Program

1.2.1 The program for the study of flammability characteristics of air-
craft fuels may be separated into two phases.

i....2 PHASE 1: (1) Determine the limits of flammability of various USAF
fuels over the temperature range -10" to +1600F. and the prcssure range 1
to 30 inches merzury (Hg). (2) Determine how the energy of the spark &nd
the material, size and shape of Lý spark electrodes affect the limits of
ignitibility at various temperatuinb (--100 to 1600F.) and pressures (1 to
30 inches Hg). (3) Study the effe.L of the type and strength of the igni.-
tion source (spark, hot wire , guncrtton, etc.) on the lii,-ts of ignitibility
at low pressures with the view of establishing the low pressure limit of
flammability.

1.2.3 PHASE 2: (1) Using a f-1 :.';em, determine the limits of igniti-
bility (expressed as a fuel-ai La'" as a function of tcnperature,
pressure and zixture velocity of varao:- •JSAF fuel vapor-air mixtures.
The ignition source should be a continuous spark or heated element of vary-
ing size, shape and material, as specified by the contractor. If a
heated element is used, the contact time between the combustible mixture
and the heatei 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 components.

1.3 Fuels

1.3.1 The following USAF fuels were used in this investigation:

(1) Aviation gasoline, grade 100/130
(2) Aviation gasoline, grade 115/145
(3) Aviation jet fuel, grade JP-1
(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
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curves were obtained from WADCo. The dashed portion of curve C in Figure
2 i:3 not part of the W.iDC data, but is -n extrapolation of the data
lying above OOF. This extrapolation was made in ord-er to account for
the explosive saturated JP-3 vapor.-ilr mixtures which exist below -4O0 F.
(t.emperature below which no explosions s-ould occur according to the
original WADC data). The specifications for the above fuels and the
hydraulic fluid are covered in Specifications MIL-F-5572, MIL-F-5624A,
MIL-F-5616 and MIL-O-5606.

4
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SECTION II

DEFINITIONS AND THEORY

2.1 Flarmable Gaseous Mixture

2.1.1 A "flanunable gaseous mnixture" is a t'e of gases through which

flame is capable of propagating.

2.2 Nonflanmable Gaseous Mixture

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

2.3 Limit Mixture

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

(1) Tenperature
(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 of the confining vessel
(7) Physical state and surroundings of the

gaseous mixture

It should be noted thaL 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
observations. This point will be discussed more fully in the following
sections.

2.4 Concentration Limits of Flammability

2.4.1 As the combustible mixtures considered in this report were composed
of combustible vapors and air, the ratio 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) is
varied for a flammable mixture by diluting the mixture with air, the com-
bustible content of the flammable mixture eventually becomesso low that the

5
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mixture fails to propagate flame. If at this point a number of similar
tests are made in which (5), (6) and (7) are also varied, the gaseous
mixture being homogeneous and quiescent dLuring 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 capanle of propagating flane through a homogeneous
quiescent mixture of the combustible and air being tested may be expressed
as:

t = 1/2 LCf1 + C,8g] ()

2.4.2 Similarly, if - flammable gaseous mixture is rendered nonflammable
by the addition of an excess of combustible, the upper limit of flamnma-
bility may be expressed as:

Utp = 1/2 LCfg + COnj (2)

Lts and Ut, , being respectively the lower and upper concentration limits
of' lammabi ity at a specified temperature and pressure; Cng and Cnl are
the greatest and least concentrations of combustible in air which are N.
nonflammable, and Cfl and Cfg 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 fla-bmability are conventionally termed
limits of flatniability, limits of inflammability, flammable (or inflammable)
limits, or explosive limits. These terms are considered synonymous.

2.4.4 An important experimental criterion in determining the limits of
flammability of a particular combustible vapor or gas in air at a specified
"temperature 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
flammable to a nonflammable mixture at a specified temperature and prcssure,
there must be a small range of concentrations (the transition region) that
are able tu 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 effects oC the ignition
source are no longer felt. If thi3 transition region is not observed,
then the limits of flammability 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-
bility.

6
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2.5 Limits of Ignitibility

2.5.1 The lifits of ignitibility have been briefly defined in paragraph
2.4.1. A better way of visualizing the relationship between the limits of
ignitibility arnd the true 1Lmits of flammability is to plot the limits of
ignitibility as a function of the ignition ',ovzce energy. To be consistent
let us assume that the source energy is delivered as a single square wave
pulse whose duration is the same in each case, that is, we will assume
the time of delivery of the ignition energy to be constant. If we then
plot the limit of ignitibility as abscissa against the energy of the
ignition 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 irportant thing is that for a certain optilmum range of ignition source
energies (and an associated range of time durations for delivery of the
energyto the test mixture) the limits of ignitibility depend only on the
combustible tested (assuming the temperature and pressure to be constant).
This means that the imporant experimental criterion described in paragraph
2.4.4 is applicable. Thus These unique limits of ignitibility are, by
definition, the limits of flammability of the matcrial tested at the
temperature and pressure specified for the test.

2.6 Temperature or Equilibrium Concentration Limits of Flammability

2.6.1 If the temperature 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 cvuL~stibles). 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 flamaeole 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 limit at atmospheric
pressure could be defined as the flash poinb). The vapor concentration
for temperatures below the lower temperature limit of flammability is too
low (at the specified constant pressure of the tests considered) to give
an explosive limit (Figure 4). CGviously 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.

7
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2.6.3 The limits discussed above refer only to vapor-air mixtures. It
should not be assumed that an explosion hazard does not exist at tempera-
tures below the lower temperature limit of flammnability, as finely divided
droplets of combustible liquid may form sprAys at temperatures below the
lower temperature limit. In such cases the problem is complicated in that
the vapor pressure then is also a fanction of the droplet size; moreover
to determdne whether the vapor-air mixture surrounding any particular
droplet is exploeive or nrzo ue need to knjow th-pttranqSrPi rni.e fro-m
the surroundings 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 appea.rs to be an extension of the burning of vapor-air mixtures.

2.7 Low Pressure Limit of Flanmability

2.7.1 No mention has been made yet of the lowest pressure 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
fla.mability. It is in general very difficult uo get a satiafactory
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-1b).

2.8 Spontaneous Ignition Temperature and Corresponding Timt Lag 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
velocity of the mixture tested.

2.10 Flasnabiljly Characteristics of Combustible Gases and Vaprs

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

31
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lowest S.I.T. for a particular mixture, pressure and surface, constifute
the flammability characteristics of a combustible gas or vapor. Experi-
mentally we obtain temperature limits of flammability as a function of
pressure, concentration limits of flammability as a fusi-tion of temperature,
and also as a functijn of pressure (Figures 4 and 5) and spontaneous
ignition temperatures as a function of concentration for a fixed surface,
pressure; and tMme lg. All these values may be r)lotted on a three-
dimensional coordinate system with c-lccritration, pressure, and tempurature
at the three variables. If the limits of flaLmnability are plotted in this
space, there results a flauLmable volume as in Figure 6. Mixtures in this
volume are flatymable when an appropriate ignition source is used. For
elevated temperatures and a specified sarface, pressure and composition,
spontaneous 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.I.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
combastibles we will digress at this point to consider the effects of these
mixtures on the over-all picture of the flannability characteristics of the
fuels. Everj-thing discussed to this point applies to pure liquids as well
as mixtures of pure liquids, however when working with miLxtures the flamma-
bility characteristics may vary considerably depending on the history of
the mixture. 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 comiponent of the hydro-
carbon mixtures that mare up the aircraft fuels considered here may be
determined for the vapor above the liquid in a closed container by Raoult's
Law: (Ref. 19)

Px nO~ )

> ns
s=1

where px and px0 are the partial pressure and vapor pressure respectively
of component x; nx and n. 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 LeChatelierls Law, which has been shown to hold quite well for
many hydrocarbons. (Ref. 8) For example, the lower limit would be:

Lt~ 100 (4)

n .Lt ,p
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where

= lower limit of the mixture at the specified
temperature and press.re,

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

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

SPn = ?00 percent.

In the case of a fuel mixture in an open container, the constituents escape
into the atmosphere at varying rates depending on a number of factors
including the temperature, pressure, motion of the liquid, and heat trans-
fer rate intu +.he liquid. In general, the various constituents 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 their history and a study
of the flamvmbility characteristics of an aircraft fuel at best can give
characteristic extremes for a number of various fuel fractions. A more
systematic procedure involves the long-term investigation of the flamma-
bility characteristics of a number of fuel components. For example,
Figure 7 shows the relationship of the lower limits of flammability of six
paraffin hydrocarbons over the temperature range 78 to 3920 F. at one
atmosphere pressure when hose limits are expressed in terms of (a) percent
combustible by volume an ') fuel-air ratio (weight basis). (Ref. 38)
it is Lhus apparent, that -h the lower limits expressed in terms of a fuel-
air ratio one can make g- ralizations more readily than when these szume
limits are expressed in r -ms of percent composition by volume. An
excellent survey of the z. 'eral problem of the significant properties of
fuel components in the p÷ Thrrmance of gas turbines has beer. made (Ref.16);
many of the basic points :-scussed in the survey article are applicable here.

2.11 The Combustion of Flammable Gaseous Mixtures

2.11.1 Ajthough the flanmaoility characteristics outlined above constitute
the main problcm, we are also concerned indirectly with the way in which
fuels burn at various temperatures 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 the calculation of the quantities of
combustible and oxygen necessary for complete combustion. In case air is
the oxyge.n supplier, the amount of air necessary in aiy reaction is obtained

14
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by considering the other gases* in the air to be inert with respect to
the iY-ain reaction. Thus, the theoretical percentage of one 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,

3n+l

CnH2n+2 + 2 02 -- (n+l) H2 0 + nCO2  (5)

T.C = 100% 100 (6)
3n+l- 1 7.166n+3.389

+ 2 (0.-2093

2o11.3 UNITS: The most 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
T.C.C. in units of (2) and (3) and compare:

T.C.C. - -n(12.01 - 2.016) + 2.016J 1000 mg-.
S1 )(3n+l) 224.
0 .2093 2 .

(8-3- 49.67~ ) g
3n+l e

T.C.C. (F/A) = n(12.01 + 2.016) + 2.016 (8)
0.2093 ,3n+l) 89

= 0.06756 - 0-03843
3n+l

= 0.0007736 Z-8.3 - 49.67 7

In this repn-t, air is taken to be compnsed of 20.9-3 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 air an average molecular weight of 28.97.

16
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Therefore, for the paraffin hydrocarbons we have,

T.C.C. (F/A) = 0.000"773 T.CoC. Al) (9)

= 0.0007736 T.C.C. %x (14.026n+2.01 6 ) %
100% - 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
.cnc;...l equation -for the paraffin hydrocarbons we have:

T.C.C. = No. of combustible atoms - n+2n+2 =1 + 1 (10)
No. of oxygen atoms 3n+l 3n+1

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

L 0.5 (1 + jq (U)

and
• 1

U 3 (1 + (12)

Although only approximate, these figures are accurate enough to be used in
setting up an apparatus for deter-Tining limits of flanivability (Appendix IV).

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 heat 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 combustible 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 air; 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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2J2.4 Measuremnrit of the particle size is a fundamental problem in the
study of particles in a fluid. This is certainly true when considering
combustible mists and sprays. However, before un-ortaking an actual
measurement, one must decide what. type of size measurement is most
significant for the particular application involved. If the volume of
the particle is of prime cmportance, this should be tdken into conslidera--,/'
tion in the size measurement; likewise for the surface area, cross-
sectional area, etc. For example, in the case of N spherical particles',
one possibility would be:

x/

rave 1 (13

N j

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

w N

rave K r__l _(14)

where x_ y 1. When studying the flammability characteristics of mistsW ZI

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

2.12.5 As usual, the problem of sampling must be considered very carefully,
All 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 size is
a complex function of time and depends on a number of variables such as
in-itial 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 microscope arrangement.

18
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SECTION III

EXPERTMENTAL RESULTS

3ol The results obtaiaed from 19/ Februa.-y 1950 to 19 February 1952 are
summarized in this section under the headings: Limits of flammability;
spark ignition energy measurements; ignition temperatures; and sprays and
mists. The apparatus used for these investigations are de.cribed in the
Appendix.

3.2 Limits of Flammability

3.2.1 CONCENTRATION LIMITS OF FLAMMABILITY (constant temperature): Aviation
gasoline grades 100/130 and 115/145 and aviation jet fuel grade JP-3 have
a high enough vapor pressure at 780F. to make saturated vapor-air mixtures
of these combustibles nonflarunable because they contain an excess of corn-
bustible vapor. However, the flammable areas of unsaturated vapor-air K H
mixtures of each of the above combustibles have been determined at 780F.
(Figures 8, 9 and 10). The F-1 limit-of-flammability apparatus was used
for these investigations (Figure 24, Appendix I).
3.2.2 The limit-of-flammability curves in Figures 8a, 9a, and 10a are self-ilI
explanatory; the solid lines represent the limits of flammability for atmos-

pheric and reduced pressures of the vapors from a fresh sample of the fuel
tested. Consistent results were obtained provided less than 20 percent of
the fresh liquid sample was used. This means that the percentages of heavy
vapors in the vapor-air mixtures tested were small. However as the exact P
composition of the vapor-air mixtures tested is unknown, an average molecular I
weight was obtained for the gasoline samples from their distil; -ion curves
(Figures la, lb), assuming them to be composed of straight cha- .:araffin I,
hydrocarbons. This gave an ave2 age molecular weight of dpprox- .ely 100,
corresponding to that of heptanu. The average molecular weight of aviation
jet fuel grade JP-3 by the abov method was 128; however becaus: of the
wide boiling range of this fuel (Fi-'Ure Id), this average molec tar weight was
not used to obtain the F/A valu s in Figure lOb. Instead, the --'a rage
molecular weight used was the sume as for gasolines, the boiling range for
the first 20% of distillate for JP-3 fuel being almost the same as the
boiling range for the gasolines (Figure 1). The F/A values used to plot
Figures 8b, 9b, and 10b were caz3ulated from equation (9), assuming an
average molecular weight of 100 in each case. Since only the first 20% of
the fresh liquid sample that diE tilled over into the explosion chamber was
used in each case, an average wcight of 100 is probably high, suggesting 4
that the F/A values in Figures 8b, 9b 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 lOa, which represent the actual experimental data, should '

be used where possible in preference to Figures 8b, 9b and 10b plotted from
the derived data. •
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Table i.... arison of limit of flamr-bility data obtained
idth two sets of apparatus at atmospheric pressure.

F-I Apparatus(7•F.) F-Il Apparatus (300-F.)
•rived data) (Ixerimental F/A data)

Combustible Lower FTAUer F/A Lower FA U pper FiA

Aviation gasolinre -griade ]/."l0 0 01 0 071 0-041 0.27
Aviation gasoline grade 115/145 -043 .255 .037 .26

Aviation jet fuel grade JP-3 .047 .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 770 - 81oF., and
should be used only for these temperatures. A limited number of tests were
P•r.•orme. d on aviation gasoline grade 100/130 vapor-air mixtures at OOF. to
obtain graphs at OOF. 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 O°Fo the limits of flammability correspond to values obtained for
varying butane, pentane, and hexane mixtures. The smaller the fraction of
fuel mixture vaporized 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 flammability 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
vapors 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 OF. are
the most volatile ones present in the mixture under the conditions of
temperature and pressure at which the test is conducted, then to improve
a fuel mixture from the standpoint of safety at low temperatures and
pressures, the volatile components should 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
flarmiability of complex hydrocarbon mixtures at low temperatures can be
resolved more readily.

3.2.4 CONCENTRATION LIMITS OF FLAMM1ABILITY (constant pressure): The conocen-
tration limits of flammability were determined for aviation gasoline grades
100/130 and 115/345, and for aviation jet fuel grades JP-I and JP-3 at
3000 F. with the F-11 apparatus (Appendix V). This apparatus is designed
to determine the 4lim4t- of flarmmability of a combustible as a function of
tempoerature at atmospheric pressure. The data &bt'alned fo r the four comf-
bustibles mentioned are summarized in Table 2. The lower limit data in this
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table may be compared with the data in Figure 7b, and with the calculated
dAat obtaIned in paragraph 3.2.2 (Table 1). The lower imits of aviation
gasoline grade 115/145 and of aviation jet fuel grades jP-i and JP-3 are
in good agreement •with the curves of Figure 7b. The lower limit of
aviation gasoline grade 100/130 is rather high, however it corresponds
rather closely to lower limit data for aromatic hydrocarbons (Ref. 39).
As before, comparison with pure combustibles is rather difficult in the
asene, of Ynore precise information un the composition of the vapors

given off.

Table 2.-The limits of flammfability in air of four aircraft.
fuels at 3000F. and one atmosphere pressure.

Limtits of flanmability
Lower• Upper*

Combustible mg./l F/A mg./l 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-I 48 .037 405 .31
Aviation jet fuel grade JP-3 48 .037 387 .30

* The density of the air used for these data is that for conditions of

S.ToP. (OoC. and 760 mm. Hg)> The fuel density is that corresponding
to 780F.

3.2.5 EQUILIBRIUM CONCENTRATION LIMITS OF FLaMMiBILITY (saturated combus-
tible vapor-air mixtures): The cquilibrium concentration limits of flainma-
bility have been determined for aviation gasoline grade 100/130 and 115/145
and for aviation jet fuel grades JP-1 and JP-3. 'these limits are defined
in paragrayn 2.6. The data obtained during the current investigation are
included in Figures 11 to 14 with the equilibrium 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 "air" space above the fuel in a fuel tank. When the tank
is first filled, this "air" space becbmes saturated with a number of the
vol-atile constituents present in the fuel. On an actual flight, the tank

"breathes" 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 vapor-air space exiistirg in the tank. 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 pressure0  For

this reason, when determining the flammability characteristics of a fuel

mixture, it is important to know not only what percentage of the fuel
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raporizes into the tebt chamber but also the percentage of the original
fuel which vaporized prior to initiating the flammability tests. For
e ample, in Figure 14 the flammable area botween -1000 and 800F. was
obtained by using the aviation jet fuel graae JP-3 vapors obtained by
vaporizing into the explosion chamber from 0 to 5% of a fresh sample at
a temperature slightly above the explosion chamber temperature. The area
between 1000 and 200'F. was obtained by using the JP-3 va'pors obtained by
vaporizing into the explosion chamber the 80 to 90% portion of the original
sample 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 obtained 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 of 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)
on the temperature-pressure plane of Figure 6, whereas the proposed plots
would be traces of the equilibrium limits curves on the concentration-pressure
plane. Furthermore, these proposed plots differ from Figures 8-10 in that
these latter figures represent flammable areas at constant temperature so
that curves on the concentration-pressure plane would of course yield theidentical shape of flammable area. as the original; this is not true in the

case of the proposed plots.

3.3 Spark Ignition Energy Measurements.

3.3.1 Successful ignition of a flammable mixture by any ignition source

depends on the effective energy delivered to the system formed by the
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 the temporal manner
in which this energy is delivered to the mixture. In the course of experi-
ments performed to date, various ignition sources have been used (Appendix X ).
However, energy and power measurements were made on only one source, the
USBM surge generator, whose general efficiency as an ignition source at low
pressures is superior to that of any other ignition source used to date.
In accordance with phases I and 2 of the program outlined for this project
(paragraph 1.2.2), the limits of ignitibility of aviation gasoline grade
100/130 vapor-air mixtures are being investigated at low pressures using
the USBM surge generator as the ignition source. In accordance with the
experimental criterion to be used in determining the limits of flammability
of a combustible-air mixture at a specified temperature and pressure (cf.
paragraph 2.4.4),, most experiments conducted at room temperature and low
Pressures ,eld limtof ignitibility which have been represented by
broken lines in Figures 8-10; this is not the case at reduced temperatures
(Figures 11-14). Apparently at low temperatures the low pressure limit of
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flammability rises enough to permit determination of the* low pressure
limit with several types of ignition source. As air -aft fuels are not
ordinarily used at. lw 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 graae
100/130 vapor-air mixture has ignited and propagated flame is 0.63-inch Hg
absolute at 780F. This pressure corresponds to a standard altitude (but
not to the corresponding temperature) of 86,000 feet. However, for stoichio-
metric mixtures, this was not a limit of flammability so that apparently
once the limit of flammability is obtained this altitude will be raised.

3.3.3 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 16c is a point by point multiplication
of Figures 16a and 16b and represents the instantaneous power delivered to
the spark gap as a fAnction of time; the area under the curve in Figure 16c
represents the energy delivered to the spark gap. The surge data obtained hi [I
to date are plotted in Figures 17-19.

3.3.4 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 0 to 10% fraction of this fuel (Figure 12).
A 0.25-inch spark gap was used in all cases. Curve (a) gives the limits ofignitibility for a Ford ignition coil curve (b) for a 12O-qdllljoule, 550-

microsecond spark from the USBM surge generator, and curve (c) for an 85-
millijoule, 275-microsecond spark from the same USJ3M 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).

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 glass base plate. From the ends of these rods #20 gage platinum
electrodes were mounted to gilve a 0.2.5--rih spark gap. The second configur-
ation (B) consisted of two kovar-glass bushings mounted 1.75 inches apartL in
a steel base plate. The platinum electrodes were mounted as above.
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tine duration) for the concentrations of aviation gasoline
grade 100/130 vapor in air noted on each set of graphs.
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3.3.6 Figure 19 gives five low pressure ignitibility curvcs for three
concentration ranges and the t-wo electrode configurations (A) and (B)
described above. The data used for these curves were obtained for a spark
duration between 500 and 2400 microseconds making the minimum ignition
pressures independent of spark duration (cf. Figure 18). The optimum
spark igiiLion energy depends on the electrode confiouration as well as
on the concentration of the combustible vapor-air mixture tested; in addi-
tion probably the best electrode configuration is a function of 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 approximately 500
microseconds. (This applies to a 1/4-inch gap.)

3.4 Ignition Tempnratures

3.4.1 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 atmosphere pressure with the
combustibles in contact with aluminum and magnesium surfaces (Table 3).
An important point to note in connection with Table 3 is that when in con-
tact with a magnesium surface (FS-l, Spec. QQ-M-44), no ignition occurs for
aviation gasoline grade 100/130 up to 918 0 F. or for aviation gasoline
grade 115/145 up to 959 0 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(OF.) in air.

At 1 atmosphere At 1/2 atmosphere
Combustible in Pyrex in Al* in Mg* in Pyrex

aviation gasoline 824 824 918 1027
grade 100/130

Aviation gasoline 880 842 959 1063
grade 115/145

Aviation jet fuel 442 442 468 864
grade JP-l

vivation jet fuel 460 486 484 840
grade JP-3

Aviation hydraulic fluijd 437 424 448 838
AN-0-366

*Aluminum S-1/2 hard, Spec. QQ-A-318

•- Magnesiud FS-i, Spec. QQ-M-44
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3.4.2 The shontaneous ignition temperature for a combustible in contact
.ith a specified surface at a specified pressure may be plotted as ordinate
against the time lag before ignition as abscissa -for varl.ous concentra-
tions of combustible in air. ,,When the combustible is injected into the
test flask as a liquid, the range of concent~rations in the heated test
flask is wide. In this case, plots may be made for various quantities
of injected combustihle. rTypical plots are given in Figu'res 20a, 20b, and
20c for a-'Jation jet fuel grades JP-i and JP-3. and for aircraft hydraulic

fluid AIN-0-366, respectively, in contact urith a magnesium surface at one
atmosphere pressure. Similar plots Pre not available for aviation gasoline
grades 100/130 and 115/145 as no explosions were obtained with these fuels
in contact with a magnesium surface, as mentioned above (see also Table 3).

3.5 Mists and Sprays

3.5.1 Data obtained to date on sprays and miLst 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
amounts of air in the presence of an ignition source. Thus we are confronted
with a problem of heat and mass transfer.

3.5.2 BecAuse of the ease of formation of mists, the early experime.' s on

this project were performed with aviation jet fuel grade JP-l 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 det3rminition. In the
tests with aviation jet fuel grade J?-l, the average droplet diameter immedi-
ately after formation of the mist was 10 microns wi.-h the mist at approxi-
mately 32o°F. Tested under thcsc conditions, the co icentration 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. Ths corresponds to F/A
values of 0.043 and 0.23 (compare the lower limit v por-air data in FV 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 -pparatus are described
in Appendix IX.

3.5-4 The horizontal plane of the region of ignitilility 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-l 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 i/8-inch brass welding rod, electrodes, if the electrical

power s pplied to the luminous tube transformer exceeds 78 watts. However,
W-th lower power input, ignition was aLtained along this outer curve in 4
to 10% of the trials,-whereas ignition was attained along the innermost
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envelope in 30 to 42 percent of the trials, etc. The equi-ignition
prouability curves (Figure 21) represent average curves obtained for
three spark gaps measuring I/8, 1/4 and 1/2-inch, respectively, the
corresponding primary powers being 30, 40 and 50 watts. These power in-

puts correspond to voltagcs that barely sustain an arc for the three gaps
considered. When the electrodes were not permitted to cool between tests,
ignition of the spray was more freqient 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 nozzle spray apparatus is described in Appendix 1X.
The only quantitative limit-of-flammability data obtained with this
apparatus to date consists of a lower limit of flammability fuel-air ratio
for aviation jet fuel grade JP-l 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&- funnel (Figure 22), as
well as the air and jet fuel-feed rate to the two-fluid nozzle.

3.5.6 The air-velocity data in Figare 22 indicate that in general tohere.

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 surface close to the exit hole
of a nozzle. ACcor-dingly, current work is performed by spray-in into the
atmosphere with no restricting surfaces near the nozzle.

3.5.7 The spray-produced by the two-fluid nozzle consisted of a rather
heterogeneous mixture of various droplet diameters. Figure 23 shows a
typical set of photomicrographs of the impressions made on a carbon coated
microscope slide by aviation jet fuel grade JP-I spray formed with a two-
fluid nozzle. The droplet size variation is very marked here. Surface
averaged droplet diameters varied from 44 microns, 2.6 inches from the
nozzle, to 8 microns, 16 inches from the nozzle.
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SECTION IV

PROPOSED FUTURE INVTIG~pT, ONS•

4.1 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 enumer-
ated under phases 1 and 2, paragraphs 1.2.2 and 1.2.3.

4o3 The second item involves the study of inerting at low pressures. For h
example, minirirmm o.gen requirements for flase propagation of various air-
craft fuel-air-inerting gas mixtures will be studied at low and atmospheric
pressures.

4.4 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 proposed use of these fuels.

4.5 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
two or three component mixtures of accurately known composition. These
inv - igations would be especially important at low temperatures and
prz •res as mentioned in paragraph 3.2.3.
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SECTION V

CONCLUSIONS

5.1 The compositions of aviat4ion gasoline gradc:, 100/13"0 and 1115/145 amd
of aviation jet fuel grade JP-3 are such as to permit flame propagation
in vapor-air mixtures of the fuels over extremely -wide temperature and
pressure ranges. Propagation of f3ame is possible at temperatures wel
below those encountered in the earth's atmosphere and for pressures corres-
ponding to altitudes greater than those normally attained by present day
aircraft. Flame propagates through saturatcd vapor-air mixtures of the
above fuels at temperatures below -1O00F. and 2 inches Hg absolute
pressure (62,000 feet). AS the temperature rises, flame propagates
through unsaturated vapor-air mixtures of the above fuels at still lower
pressures. For example, at 780F. flame propagates through a 2.99% aviation
gasoline 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 680F. 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

a much smaller explosion hazard from the standpoint of the vapor that
exists at temperatures normally encountered 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 ignition at low pressures
is the most efficient ignition source used to date; other sources tested
include, besides the surge generator, l-minous tubie transformers and Ford
coils, capacitor discharges, heated wires, fused wires, and guncotton, and
are listed in the order 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-0-366, with aviation jet fuel grades JP-l and JP-3
following very closely in the order given. Aviation gasoline grades
100/130 and 115/145 ignited spontaneously at much higher temperatures,
listed in order of ease of ignition. The above statements hold whether
the combustibles are in contact wi'th a pyrex, aluminum or magnesium surface,
except that in the case of the magnesium surface the gasolines did not
ignite even wvhen 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 order, 3-iat.ion hydraulic fluid AN-(-366,
aviation jet fuel grades JP-3 and JP-I, 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 Orny 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 flammable mixture.
For this reason, the problems of heat transfer to liquid droplets and
mixing of vapor and air by a flamc should be investigated. It is known
that large amounts of power must be dissipated by the ignition source to
achicyýC igni.tion of a sprany, but. energy requi1remens f prainiio•^• ... "•+-• • • •+.ene•=v•qu mpn s of spray ignition
have not been investigated.
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APPENDIX I

The F-1 Concentration Limits-of-Flammibility Anppratus

Essentially the F-1 apparatus (Figure 24) is a partial pressure
limit-of-flammability apparatus (Ref. 9). The combustible 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 o by a very short section of neoprene
rubbcr tubing. To study mixtures of a combustible and an inert, the
inert material container may be attached to the apparatus at the T-bore
stopcock o t . The neck of the glass container p butts against the stem
of the T-bore stopcock. To prevent leaks, a hydrocarbon-insoluble grease
is used on the stopcock and a mercury seal q is placed around the glass
container and the neoprene rubber connection. At the beginning of a run,
stopcocks o and of are connected between _ and a; plate b and mercury
seal c are put in place: mixer e is filled with mercury to outlet valve
h by raising the leveling bulb g; the screw clamp on f is closed and the
explosion chamber is evacuated as completely as possible so as to bring
the manometer reading to within 0.1 mm. Hg of the barometer reading. The
air above the sample in p is removw,! through c, _, r and z. The sample
is introduced slowly into a by opening stopcock o until the manometer
reading has decreased x mm. Stopcock o is then closed between p and a,
and opened between q and a to allow air to enter a until the mercury
column in k falls to zero. The combustible and air in explosion chamber
a are mixed thoroughly by opening the pinch clamp on f and raising and
lowering leveling bulb p at least 50 times. This gives a uniform com-
bustible vapor-air mixture in which the percentage of combustible vapor
by volume is ta 1 .en to be:

% combustible - (15)PB

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

If limits of flammability are to be determined below atmospheric
pressure, combustible vapor-air mixture is removed through g, 2 and of
until manometer k indicates the desired pressure. The mercury seal c is
then removed, the room is darkened and a spark is passed between electrodes
y. Visual observation is sufficient to determine whether or not the
mixture in the tube is explosive. This process is repeated until the
limiting mixtures have been found for a series of pressures at constant
temperature.
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APPENDIX II

The 1-08 Iition Temperature . Apparatus

The i-8 ignit.ion Tcmparature apparatus (Figure 25) (Ref. 39) is a
modification of that developed by Scott, Jones and Scott (Ref. 27). The
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 _, whose inner diameter and height are 5 inches respectively. The
top of the furnace is a transite ring h and the bottom is a transite disk a,
both f'astened to a metal cylinder v. The insulation consists of sections r,
r, and s. AS the operating temperatures at the top and bottom of the crucible
well are below the temperature 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 nichrome wire. 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, mid-section, and base
are measured by means of thermocouples b, c, cand d, respectively. These
temperatures are reuordedu on 3 channels of a 12-channel electronic tempera-
ture recorder. The temperature variation between any two thermocouples is
easily kept at less than 1/20C. over the etntir 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 threu
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 observation. 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 1/20C. of the desired test
temperature. A measured amount of the sample is injected into the test flask
with a 1-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 arnle above the flask. An electric timer is switched on at the instant
the sample is injected into the tesb 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 color. If no flame appears
within about 5 minutes, the volume of sample tested is considered nonflammable
at the temperature of the test flask: The test is then repeated at a higher
temperature and/or for a different concentration of combustible.

When tne 1-8 apparatus is used for low pressures it is housed in a low-
pressure stecl chamber. This ch=her is equipped with an outlet porL attached
to a vacuum pump. a manometer, electrical connectors, a water-cooled coil,
a liquid injector and an observation window. The procedure followed is the
same as for atmospheric pressure.

* Three test flasks were used for the inve.stiga-tions reported here; a 200 cc.
erlenmeyer pyrex flask, a 500 cc. cylindrical aluminum (523-1/2 hard Spec.
QQ-A-318) flask and a 500 cc. cyiindrica± magnesium (P'S-i Spec. QQM--44)
flask. The cylindrical flasks were 4 inches high and 3 inches in diameter.
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APPENDIX III

/Thc F-9 Tevc1peatur-e i Ls ts of Flammability Apparatus

This apparatus is used to determine the temperature limits of flamma.-
bility for saturated combust-ible 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 ccmbustible may be varied by varying the temperature of the combustible.
f, in addition, the absolute 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 v'ried. In this way,
flammability tests can be conducted on saturated fuel vapor-air mixtures at
various concentrations, 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
required. An accnirrte control of the absolute pressure in the explosion
chamber -is necessary to define the limit mixture accurately.

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

Approximately 20 cc. of the sample is injected into the system at c
(Figure 26). The oven temperature is adjusted to the desired value and kept
constant during a series of tests. The absolute pressure in the explosion
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 desired- rate
of air flow through the saturator and the desired pressure in the explos.`i
chamber. The rate of air flow through th,• saturator is kept low so that
vapor-air mixture in the explosion chadbe- is almost quiescent. The bul f
the vapor-air mixture moves up.Wa ,• .- " the explosion chamber at less than :ne
foot per minute. A low air-flow rate als,, helps maintain a uniform tempe :.ture
as the saturator does not cool noticeably due to vaporization of the samp.-11

Air enters the system at A, is dried and metered and passed into the pre-
heater tube (5 mm. O.D. pyrex glass tubini, 125 cm. long). A sintered glass
well is attached to the end of the preheat'r. The air passes through this
well into the sample in the saturator. T s saturator is half full of 3 mm.
perforated glass beads that are covered bT the combustible liquid sample. The
explosion chamber is flushed thoroughly sE;eral times with vapor-air mixture.
The rubber hose segments between points- B and C, 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 explosion 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 eplosion 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.

56
WRDC TR 52-35



0.
0

CC
0 CL

-~ CL

m C 00

in 0

0 a.

-E E

>E
0

u E0

0 0L
cc Cn cr

040

C 2 -
P 0

4v4-E

C Ui

-o 0

WAU TR5-355



:17 7.

ZIP.

r. AW

Fiur 2 los UP vie ofteF9 n -1 xlso
chmbr intle nth vn

___D LR5-355

____ 
Ii



APPENDIX IV

The F-10 Ttnperatu.re IImit's G" Flar.bility Apparatus

The F-1O apparatus is similar L, the F-9 apparatus described in
Appendix III. The F-lO explosion chamber is two inches in diameter by
18 inches in length ana 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 I
su-ze_-o _abInet _ (Figure 28) and the thermoregulator set for Lhe 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 &, which follows drying towers e and f, and a coolinig mixtur& in the
cup surrounding saturator h. The compressor a is started and the initial
pressure head adjusted by mcanis 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- It

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 1. 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 I
chamber is at the same reduced temperature and the criterion for flamma-I
bility of a mixture is flame propagation the entire length of the explosion
chamber. The auxiliary apparatus k, p, Ex , s_, t, and u are used for
partial pressure determinations.

"Ii

APPENDIX V h
The F-11 Concentration L t-of-Flammaboiity Apparatus

Th F,-,l a-, . a fic.-type elevated-temperature
constant-pressure concentration limit-of-flaini ability 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
c. Temperature controller

2. F!piosion Chamher

3. Vaporizer and Mixer
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4. Liquid-feed Device

* Drive urdt
b. it'cdcrmic syringe and needle
C. Adapters

5. Air-feed Assembly

a. Constant pr.-esure device
b, Wet-test gas meter and calibrator
c. Flowmeter

6. Ignition source

a. Electrodes
b. Voltage source

1.,Constant-tenperature bath. An air bath is used to keep the explosion
chamber and the vaporizer at a constant temperature. The air-bath housing
consists of a large two--door commercial oven (working chamber dimensions,
37 x 25 x 50 inches). The oven is equipped with a 12-kw. lw-gracient heater.
A 3-phase motor (440 volt, 3/A hp.) rotates a directly connected centrifugal

air over the heater and through th1 oven chamber. The oven temperature is
controlled by a mercury expansion off-on thermostat, which keeps the oven
temperature within 50 F. of the desired temperature, from 1000 to 5000F.
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 z-imocouples are mounted directly on the explosion

Additional temne eture control is provided by nine 1000-watt strip
heaters installed in the ý--circulating duct of the oven; the temperature of
these heaters is controll - by two variable autotransformers. The main
(12 kw.) heater generally Is not used for temperatures below 2000 F.

A photoelectric temperature control (TC-19) is used to maintain the
oven temperature constant to within ±1/40F. of any temperature from 1000 to
5000F. This temperature control (Figure 33) is a modification of the one
used by Roof (Ref. 22). The sensing element consists of a No. 36 B&S gage
platinum wire wound into a l-am. helix, on a mica support (Ref. 31) placed
near the top of the 12-•kw heater. Accordingly, the temperature coqtrolled
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 equilibrium has been attained.

The platinum sensing element makes up-one leg of a commercial wheat-
stone bridge. When the bridge is umbalanced by a change in the temperature
of the platinum wire, current flows through an I&N galvanometer G (Figure 33)
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-.hosc s•ensitivity is 0.045 a per fitm. This curuent rotates the galvanometer
mirror so as to reflect the light from source S to photoelectric cell V1 or
V2 , depending upon whether the temperature of the ptat-iiURI St:1f'3 g element
is greater or less than the desired temperature. If the oven is too hot,
S 1 closes; this closes S3 , which in turn opens S4 and S5, thus breaking the
flow of current, to the 22-kw. heater, If the oven is not hot enongh, the
reverse sequence of relay operations occurs, iritiated by the opening of S 2 .
34, which is nor-mally closed, makes it possible to use the apparatus at room

temperature, or at elevated 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 0 F. above the
desired oven temperature to provide a safety switch. Thus, if TC-19 becomes
inoperative 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 Drought to the desired tempera-
ture with the Partlow control. Then TC-19 is turned on and the wheatstone
bridge is adjusted to give a null indication on the galvanometer at the
desired temperature. The temperature record is examined periodically and
the wheatstone bridge adjusted if necessary.

2. Elosion chamber, The explosion chamber is a cylindrical 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 system.

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

4. Liouid-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 4-inch
No. 19 needle m,, which is inserted in the vaporizer 1, through a rubber
stopper k, and a set of adapters r and g. The drive unit is mace up of a

1-RIPM fractional horsepower motor with built-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 c, and a driving head v, -,hich moves the plunger t
of the hypodermic syringe o. This driving head is kept from rotating by a
guide rod St. Standard 1-cc., 2-cc., 5-cc., and 10-cc. hypodermic syringes
are used. The syringes are mounted in brass adapters _, which in turn are
mounted on the base p of the liquid-feed device. The same adapter is used
for the !-cc. and 5-cc. syringes so that a fiber sleeve r is inserted into _
when the 1-cc. syringe is used. The length of thM adapt•cr can be adjusted
so as to place the hypodermic syringe and needle in the proper vertical posi-
tion. Once the proper position is found the adapter is locked by means of a
fiber set screw. A limited am:,ount of vertical positioning can be obtained
also with height-adjustment screws on the four legs h of the liquid-feed

* The apparatus shown in Figulre 34 i mp an oved v.er.sion of the .cn use. for

the tests described in this report.
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device; these are equipped with locking nuts, which keep them in place
when the proper' syringe position has been found. In practice it is much
easier to make all height, ndjustments With the brass adapters than with
the height-adjustment screws on the legs.

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 shait aind the feed -,crew is constant (32 mm.).
Therefore, assuming that the same size teeth are used on the gears, the only
criterion for the choice of gears is that the sum of the teeth on each set
of two gears be a constant. The available 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 liquid-
feed device can be calculated for any particular hypodermic syringe and gear
combination; gears with 40, 4 5, 60. 75, and 80 teeth are available.

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

5. •_ir-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 CaC1 2 drying tower,
the wet-test gas meter, and the orifice 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 fro.-. a glass tube similar
to the one used for the cxplosion chauber. Thie flowmeter is essentially 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 gage platinum-wire electrodes placed 3 inches from the base of the explo-
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-1f 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 paragrapn 2.11.2. A rough
rule that may be used in setting up the F-1- apparatus for many hydrocarbons
is that the approximate values of the lower and upper limits of flammability
are 0.5 x T.C.C. and 3 x T.C.C., respectively. Once these values and the
specific gravity of the hydrocarbon are known, the proper hypo-iermic syringe,
liquid-feed device gears, and flovcreter setting are chosen; one determination
requires approximately 30 minutes.
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The first exerimental step is . .u n of the ( rjol level

in the wet test gas meter d, (Figure 31) until the calibration of this meter
is accurate to within ± 0-35%.

Tbh temperature of the exqplosion chamber o. J- a-jus ed to within
!!4OF. of the desired value.

The air flow into the explosion chamber is adjusted to the desired
rate (4 to 20 liters of air per hour). This is sl].w enough to permit the
testing of th3 combustible-air mixture without fear of turbulence due to
the air flow.

The proper gears are put in place on the liquid feed assembly k_
(this is determined by the choice of combustible and hypodermic syringe j)@

The hypodermic syringe J is filled to a predetermined level (a fiber
block is locked in place on the stem of the hypodermic syringe) and weighed
on an analytical balance. The syringe is then mou.nted in &n aUdaunte whi.c,
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. liquid 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 electric timer a, are
started (both are connected to the same eledric, un-off switch), 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 perforated cover p is removed
from the explosion -3hamber and a spark is passed through the vapor-air
mixture. The results are observed visually. If only a flame cap is produced
by the spark, then the mixture is considered nonflammable. 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, a flame that travels two-thirds the length of the
explosion chambnr with a uniform flome front will travel the entire length
of the explosion chamber. Flames which travel up the explosion chamber
with a brok. n flam.e front seldom travel over two thirds the length of the
tub,; len they do, however, the test is repeated with the ener• 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 s)ightly and the test again repeated so that the
flame either does or does not travel at least two thirds the length of the
explosion chamber.

The timer and the liquid-feed assembly are turned 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 hypoderm.ic syringe and fiber block are again weighed on an
analy-tical balance

The composition of the vanc -nir nin±.-ucb.re tested is calculated as
follows:

//

Percent combustible by volume in a-r (thib is taken to mean the,'
percent combutible by volume in the combustible-air mixture under condi-
tions of normal temperature and pressure) at normal tempei:ature and pres-
sure (NTP)=

6w(-M V) 100% , vi

w 6 + vP'T Vl+Va
M PTI

ta w = weight of sample fed into system in the time interval

tfinal - tinitiaI = tf ti

yI = volume of liquid vapor (NTP) ccL-respcnding to .6w
4% v = volume of air at temperature T' fed into system in the time

interv¢al tf - ti
va = volume of air (NTP) corresponding to Av
V = 22.4 liters
T = 2730K.
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 flammability 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 follows:

L Mg.* L(% by vol. in air) M
Lliter(air) gOO - L(% by vol. in air)_7V

V = 22.4 liters; M = molecular weight of the combustible.

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

F/A = L x 22 1= 0.000773 6 L( )
1 28.97 x 103 mgo

where L ramst be expressed in mge./iiter.
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If L is expressed on a percentage basis, then

F/A L( x M
10=L() 28.97

Or, using the original weight data we can write:

L = aw PTI mg.

tv P'T 1

and F/A = 0°0007736 •Aw PT'Sv P'T

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

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

Handling 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 4--p.. a÷± that the combustible sample be fed into the vapor-
izer m, at a uniform rate, and that vaporization of the sample from the
vaporizer into the air stream should not only be constant but s- *ld occur
at a rate equal to the delivery cate of the sample into the var- zer. The
constant rate of delivery of the sample to the vaporizer may be -fected by
several factors:

Change in the density of the sample during an experiiw- -. (An
air conditioning system is ised to maintain the room temperatLure to
within less than 2 0 F. of thi desired temperature.)

Changes in the speed c' the driving motor in the liquid-feed
device k.

Variation in pitch of .he driving screw in the liquid-feed
device.

Large changes in the barometric pressure during an experiment.

Sv. This factor is obtained by mepnn of a wet.-+.Ptt 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
meter.

To ensure a honogeneous gas mixture, the rate of delivery of air
tc the vaporizer also is important. This rate of delivery is maintained
"a-ir'-- unform by means of a constant flow device; a flowmeter, and a valve
(Figures 31 and 32).
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iI
P1 and Tt. The accuracy of the first term depends on the

barometer that ii used and on the manometer f that is attached to the wet-
test gas meter d. The accuracy of the second term depends on the thernome-
ter e used in the wet-test gas meter.

Laboratory variations i i Pf and T! produce only negligible devi-

ations in the limits of flammability.

The variations in 46Aw/ 42 t and A, V/ A t are by far the most

critical. The variations of 6 wi 6 t depends, among other things, on the
boiling point and surface tension of the combustible used and on the size
.of the hypodermic syringe. The losses of several combustibles were deter-
Smined by performing all the steps enumerated _Jn the above procedure without I'
turning on the motor of 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 the
sample. As the error in the wet-test gas meter reading may be of the same
order, the experiments generally are accurate to within + 2%, due to vari-
ations in the air and liquid supply. The ovcr-all accuracy of the experi-
ment should be within , allowing for temperature and pressure variations.

APPELNDIX VI ii

The F-12 Limit-of-Flammability Apparatus

The F-12 is basically the same as the F-1 apparatus (Appendix I). f
It differs from the F-1 apparatus in that its explosion chamber is housed
in a 30 cubic foot cold chamber similar to the 8 cubic foot cham-ber used in
conjunction with the F-10 apparatus (Appendix IV), and it uses a two-stage
automatic mixer similar to the one used with the F-2V apparatus (Appendix
VIII). 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-1 apparatus except that it is obtained
at low temperatures.

APPENDIX VII

The F-21 Temperature Lir-it-of-Flaeabill it~V Apparatus

The F-21 apparatus is similar to the F-9 apparatus described in Appendix
III 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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APPE.M.IX VIII

The F-24 Concentration Limit-of-Flaiapability Apparatus

The F-24 is basicallv similar to the F-i apparatus (Appg-endix I). !T
differs from the F-1 apparatus in several details (Figtres 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 ray be made on one mixture in the
4-inch diameter explosion chamber a. Secondly, the mixing device is auto-
matic consisting of mercury pumps g' and f_ which are operated by raising
and lowering mercury bottles E and f. Bottles & and f are raised and lowered
by cros5s arm e which is coupled to a drive mechanism by means of a solid
steel irink. 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-1 apparatus as may be seen by comparing Figures 35 and
24.

APPENDIX IX

.Snpray and M'is ,aI. ~•pparatus

Three types of apparatus have been used for these investigations. The
first type (for mists) consists of an apparatus similar to 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 controlled 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
to be tested. The schematic diagram (Figure 37) of this apparatus lists
all the components used in making spray ignition tests. It consists basic-
ally of 5 components: a source of sujply of air, a source of supply of fuel,
a two-fluid nozzle, a test chamber and an ignition so'urce. 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
i- the test chamber. An electronic photo timer, an autotransformer (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, Figure 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-IOOB-S51), 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.
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The igrition apparatas conists of an electronic timer, an autotrans-
former, a 15 kv., 3U ma. 1umniriuus tube transfon-sner and a set of spark elec-
trodes. The secondary terminals of the lumiincus tulne transformer are
connected directly to the spark electrodes which are made of either 1/8-inch
brass weldirg rod or of i]-rgge tungsten wire. The procedure involves first
the initiation of' a spark between the electrodes a-nd s..cond the p.roductUio
of a single burst of spray ir. a fixed direction. This procedure is repeated
for a nlbrer of spark electrode positions and spark power outputs in order
to determine the regions of ignitibility of the spray°

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
a surge generator which nroved to be the most efficient. However, for
altitudes to approximately 65,000 feet, a 15 kv., 30 ma. lum-nous tube trans-
former is quite efficient. A 15 kv., 60 ma. luminous tube transformer works
nicely to approximately 70,000 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 M1ines consists of 6
basic components (Figure 40).

1. Power sunppl
2. Surge generator
3. Delay network
4. Surge clipper
5. Voltage and current measurement

circuits
6. Associated power supplies and

calibrating circuits

1. Power supply: The power supply (Figure 41) is a conventional supply
built 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 6 variable autoLransformer placed
on the primary side of the high voltage transformer. The charging vo±Lage
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
from the ,urge generator of constant enor,. -content. Tho ini-tia*! saur~ge Of
charging current is limited by a suitable high voltage charging resistor.
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2. Surge generator: The surge generator (Figure 41) is composed pri-
marily of a capacitor, series inductance and resjistance, and shunt i-sist-
ance. The values of these circuit elemenLs are so chosen as to deliver a
spark of lthe proper energy content, duration, and wave shape that is
desired for a given application. An over-damped, or non-oscillatory wave
ij generally used. The capacitor (or capacitors) is charged to a steady
voltage by the power supply and then discharged by means of a small trigger-
irg pulse applied to the triggering gap. The surge voltage appears across
the shunt resistance (which i also the voltage divider) and.. the spark gap
(in the explosion chanber) which then sparks over. The capacitor is tbe
energy storage element, but over 99% of its energy is dissipated inl the
resJstors. 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, whiich might give erroneous results with a steep-front wave.
The series resistance (part of which is the current shunt) is. adjustable
bo 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 energy and duration more or less independently. All the resistances
used are of the wire-wound, non-inductive type.,

3. Delay circuit: In order to be able to display on the oscilloscope
screens the traces of spark voltage and current, it is necessary to delay in
some way the signal representing these values by the time required to initi-
ate the sweep I- se and permit an inch or so of travel on the linear part
of the sweep. s is accomplished by means of a time delay circuit
(Figure 42), wý produces two pulses with an adjustable time interval
between them. first pulse, a low voltage one, triggers the sweep when
the "delay trip- button is depressed, and the second pulse, a hi*gh voltage
one, t ggl generato+r and tie • ezt gap breaks do,-wn almiost
i nstantaneously The triggering gap of the surge generator is "sensitized"
by means of radi,,active material to make it operate consistently.

4o Surge clipping circuit: The voltage required to spark-over the bomb
gap and to deliver the required current may be 100 to 200 times t'he minimum
arc voltage existing across the gap after breakdown. it is desirable to
obtain on the screen of the cathode ray tube a reasonable deflection repre-
senting this arc voltage, which is of the :rder of 50 volts. At the same
time, the tube must be protected against the pre-breakdown voltage, which
may be several times the voltage rating of the deflecting plates, which is
1000 volts in the_, case of +ieh 5CPII-A tube in the Dumnont 304-H oscilloscope.
This protection 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 voltage wave above 1000 volts, but to leave undisturbed that portion
which is less than 1000 volts, which -Is a range sufficient enough to record
all oscillograras encou..ter thus far. The cathode-ray tube is so designed
that voltages may be apnlied up to six times that represented by the on-screen
trace, without distorting the on-screen deflection.
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ws,,,C ,. 52-345 85



5. Voltage and current measurement, circuits: The surge voltage ac--oss
the test gap was measured with a voltage divider composed of non-inductive
.resistors totaliw about 8C00 olms: thi .value was chosen so as to be sub-
stantially larger than any series -eoistance which might be placed in the
surge generator. This divider was divided into two parts, one being at
the gap end of the coaxial cable arid the other part being at the oscillo-
graph end. The oscillograph plates were connected across this second
section so that the oscillograph observed about half the voltage appearing
at the test gap. With the tranLsients observed to date it has not been
necessary to terminate the voltage cable with its characteristic impedance,
thereby making it possible to couple directly to the plates of the oscillo-
graph without the use of amplifiers.

The current through the test gap is likewise measired with a suit-
able non-inductive resistor and the signal transmitted to the oscillograph
through a coaxial 3able. This cable was terminated by its characteristic
impedance of 75 ohms.

The non-induct-ive resistors used were of the powe ' ware-wound type,
having zero voltage and temperature coefficients of resistance under the
experimental conditions. Both mr~nufaeturerts speeifications and a check wi•th

a radioý-frequency bridge confirmed the excellent frequency response of these
resistors, the impedance being equal to the D.C. resistaice up to one mega-
cycle, with less than one np , devia+ion• Oe megacycle is somewhat

higher than the highest harmonic which might be derived from analysis of
the impulses reported here, so these resistors are considered satisfactory
for the measurements undertaken in conjunction with the ignition energy work
described in Section 3ý3.

The basic oscillograph used to record the oscillogramis reported here
was a Dumont 304-H. An auxiliary, or "slave" oscillograph (Figure 44), was
built having a common sweep signal with the 304-H, or "master" unit. This
made it possible-to record simultaneously oseillograms of' voltage and
current as a function of time. "Iwo Dumont Type 296 cameras were used to
record the oscillograpns, all on 35 Tm. Super XX film. It 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 "tslavet" unit has independent position, focus, and Lintensity
controls. As mentioned previously, the signals were coupled directly to
the vertical deflection plates, so there is no problem with gain and response
of bhe vertical amplifier.

Frequently, during a series of tests, it is necessary to calibrate
the X-axis, or time base, of the oscillogramso For this calibration a sine
wave is double exposed on the oscillograms by means of an accurate signal
generator connected through the Vertical amplifier. The calibration, con-
vuniently expressed in mdcroseconds per inch, changes very little during the
course of a day for a given setting of sweep and horizontal gain controls.
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Calibration of the Y-axis is acmc.4lished by taking a series of
oscilcgrams of 6-0.-cycle voltages applied directly to tht vortical plates,
annd measured with an accurate 6 0-cycle voltmietero This calibration can
be made to Pbout ± 1% and does not change over a long period of tiine. A°C.
must be used instead of D.C. because of the capacitor coupling that is
necessa-y in the osrillograph dircuits to block the D.C. positioning volt-
ages. The background illumination on the screen can be adjusted so that
the ruled grid can be superimposed on the oscillograms for purposes of
measurement.

7. Voltage and current s1res: A typical voltage and current surge
produced by a simplified surge generator is given in Figure 45. The surge I
paramieters used for the actual and theoretical waves are giver, tn the insert.
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