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ABSTRACT 

It has been demonstrated by a simplified treatment that vapor 
pressures of individual constituents play a more Important role 
than concentration on the overall flammability properties of hy¬ 
drocarbon mixtures. This treatment is based on the application 
of Raoult's and Dalton's laws go\drning vapor pressure and com¬ 
position above a solution of two or more liquid hydrocarbons to 
Le Chateller'srule governing the flammability of vapor mixtures. 
The most Important conclusion demonstrated by the derived equa¬ 
tions is that a very small amount of highly volatile contaminant 
in a relatively nonflamriable fuel may make it flammable. The 
amounts needed can be predicted from the equations and the prop¬ 
erties of the components. Although precise relationships have 
been derived only for relatively simple solutions of pure hydro¬ 
carbons, the concepts they imply are applicable to more complex 
mixtures such as jet and diesel fuels. The flammability proper- 
les included in this study are lower and upper flammability lim¬ 

ito, flash points, and flammability indices of liquid solutions. 
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This is an interim report; work on this problem is continuing. 
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FLAMMABILITY PROPERTIES OF HYDROCARBON FUELS 

Part 2 - The Importance of Volatile Component# at Low 
Concentration on the Flammability of Liquid Fuel# 

INTRODUCTION 

Users of large quantities of highly flammable solvents, fuels, and similar liquids 
and gases are usually alert for fire and explosion hasard In their use but are frequently 
unaware of similar dangers which may sometimes exist for supposedly less flammable 
mixtures. Because of Improper preparation, contamination, or other reasons, such fuels 
can contain small quantities of highly volatile flammable components, and these may sig¬ 
nificantly Influence the overall flammability properties of the mixture. A hypothetical 
but perfectly possibly Navy situation will serve as an example to illustrate this problem. 

“ et iuel low volatility, especially designed in accordance with military spec- 
Uications as a safe fuel for jet operation and storage and handling on aircraft carrieis. 
The fuel is relatively less flammable under most conditions than the more commonlv 
used and more volatile JP-4. Because of its greater volatility, vapors of JP-4 form 

n^^m7n^imctUr' S Vhe Vap?r 8paces of 118 conta^rs at normal temperatures (roughly 
ip 4 L°fn /“u'k' to í*/ a? a m0tJt empty 8tora«e tank which had initially been used for 
JP-4 is filled with JP-5 fuel. Important questions are raised. Would the flammability 
hazard of this tank be that of JP-5 and therefore be relatively safe? Or would it be more 
fïifi™4 aKd nfr?f”re rel*ttvely hazardous? One might expect that its properties would 
fall somewhere in between the two, but the question is which of the two fuels would it be 
most likely to resemble. Since the V x consists chiefly of JP-5, one might guess that 
the properties of the JP-5 would predominate and that the fuel would probably be saf.*. 
Such a hazarded guess can be quite hazardous 1 Some properties of mixtures, density for 
example, usually are proportional to the quantities of each of the components. Flamma¬ 
bility, on the other hand, occurs in the vapor phase and is therefore a function of the 
concentration and constitution of vapor in the air above the liquid. Th* evaporation tend¬ 
ency (vapor pressure) as well as the relative concentrations of each of the constituents 
are major factors in determining the vapor composition and, thus the flammability of the 
mixture in question. The question still remains, vlll the contaminated JP-5 be hazardous 
and, if so, to what degree? The answers to these questions are of importance to the Naw 
and to other users of flammable liquids. It is possible to shed some Ifcht^n th£ subjlc? 
hfnt ?^°Wn Í!01- , Principles. A deUiled, formal NRL Report on the flamma- 
S .hydr°carb°" solutions is in preparation and will include physicochemical con- 
cepts and mathematical equations and their derivations. The ideas on volatile compo- 
nents which will be discussed here are derived from that report, but the mathematical 
and physicochemical complexities Inherent in this type of problem will be minimized or 
entirely avoided here to make this very important topic more generally readable. For 
those who are mathematically curious, but who do not wish to dig through the detailed 

Wh!^!íÍB WOrk 18 ba8ed’ e<*uatlon8 kav6 been Inserted in most of the fig¬ ures, which describe the curves that are shown. 18 

SOME FLAMMABILITY CONCEPTS 

What is a Flammable Liquid? 

Numerous terms and concepts are employed in these types of discussions, and it 
should help to define some of these here. A dictionary will define a ’tlammable" liquid 

1 
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as a liquid which is capable of being easily ignited, and which will continue to burn with 
unusual rapidity. "Heavier" (higher molecular weight) liquids of lower volatility, which 
Ignite less readily and burn relatively slowly, are ordinarily referred to as "combustible" 
liquids. The distinction here Is a matter of volatility, the tendency of a liquid to assume 
a vapor state or to evaporate. A useful definition Is given by the Code of Federal Regu¬ 
lations (1) which defines a flammable liquid as any liquid that gives off flammable vapors. 
These are vapors which, when mixed with air, can be Ignked by a suitable source such as 
a spark or flame at or below a temperature of 80°F. The term combustible liquid is used 
if the liquid gives off flammable vapors above 80°F but below 150°F. The temperatures 
which are specified are arbitrary of course, and we will not make a distinction here, but 
the definitions imply several important concepts. First of all the liquid must give off 
vapors; it must do so in sufficient quantity at ordinary temperatures to be able to be ig¬ 
nited by an appropriate ignition source after mixing with air, and it must continue to burn 
as long as both fuel and air are present. In fuels, these liquids are usually petroleum 
derived hydrocarbons. 

What is Vapor Pressure? 

The property of a substance to volatilize or evaporate depends on its vapor pressure. 
Some materials, such as methane, ether, and aviation gasoline, are called "volatile," 
since they have relatively high vapor pressures at ordinary temperatures; other liquids, 
such as lubricating oil and mercury, are considered to be "nonvolatile," since their vapor 
pressures are relatively low at ambient temperatures. According to the kinetic theory 
the molecules of a liquid are in constant motion; the higher the temperature, the faster 
is this agitation. If a given surface molecule has sufficient kinetic energy, it breaks 
through the interface into the free space above it and thus enters into the vapor or gas 
phase. There is a continuous flight of molecules from the surface of the liquid to the 
vapor state, and simultaneously the reverse process is taking place where vapor mole¬ 
cules return to the surface of the liquid at a rate depending on the vapor concentration 
and are condensed back to the liquid phase. In a closed container, eventually a condition 
of dynamic equilibrium is established between the liquid and its vapor when the rate of 
escape is exactly equal to the rate of condensation of the vapor. The vapor is then said 
to be "saturated." The pressure exerted by vapor which is in equilibrium with the liquid 
is known as the "vapor pressure." The equilibrium between a liquid and .'ts vapor de¬ 
pends on the temperature. Vapor pressure varies exponentially (i.e., at an ever increas¬ 
ing rate) with temperature, rising rapidly with relatively small temperature Increases. 
It is measured in the usual pressure units, such as mm of Hg, psi absolute, and atmos¬ 
pheres. The temperature at which the vapor pressure is equal to 1 atmosphere (or at 
which vapor and liquid may exist in equilibrium in all proportions) is called the boiling 
point of the liquid. The vapor pressure of a pure liquid is a constant quantity at any given 
temperature and is independent of the amounts of liquid and vapor present. Typical vapor 
pressure-temperature curves for two pure hydrocarbons are shown in Fig. 1. 

Before we get too far involved in this discussion it is necessary to set up some 
boundary limits. We will coniine the subject to liquid and vapor fuels (but not droplets 
or mists) in air at atmospheric pressure. The question of the nature and energy of igni¬ 
tion sources will not be included, since it will be assumed from the safety standpoint that, 
if there is a flammable fuel-air mixture, an appropriate ignition soúice is likely to exist. 
In the case of évaporation of fuel vapors from liquid fuels it will be assumed that these 
vapors are at equilibrium with the liquids at a given temperature. Finally, it will be 
understood in this discussion that fuel vapor-air mixtures are uniform throughout. 
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What are Flammability Limits ? 

The well known concept of the ’fire triangle" states that to have a lire, "three sides 
nre nec*88fry’ 8 iuel- alr (oxygen), and an Ignition source (energy). The 

definitions of a flammable liquid, which have been given earlier, imply the fire triangle 
with the additional requirement that the fuel give off flammable vapor. This is because’ 
a fue! must be In the vapor state to burn. There is, however, still another aspect of 
fkimmability which we must consider. It can be seen Intuitively that the relative amounts 

iU,M 'ThJ““1, al^mu■, a“° ^ lmportant- * With IK) c^t S 
and this is likewise the case for a mixture of air but no fuel. Somewhere between these 
two extremes there are fuel-air m'xtures which are flammable. The question of how 
much fuel vapor (or conversely ho* much air) is necessary to form a flammable mixture 
is of prime significance. H, for example, the fuel is of low volatility (for example lubri¬ 
cating oil at ordinary temperatures), one can foresee that there will not be sufficient fuel 
vapor atx)ve the liquid in a semienclosed space, such as a storage tank, to be ignited. 
The fuel-air mixture is said to be too "fuel-lean." Less obvious is the "fuel-rich" case 
where a highly volatile fuel (for example avUtton gasoline at ordinary temperatures) ' 
might produce sufficient vapor to displace most of the air in the space and thus would 
a 80 be nonflammable, but for the opposite reason. If, however, as Is common, we have 
a fue! of the appropriate volatility (for example JP-4 Jet fuel at ordinary temperatures) 
the fuel would give oil sufficient vapor to fall within the limits of its flammabUlty range 
and would thus form a flammable mUture with air. These concepts are illustrated for a 
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hypothetical fuel In Fig. 2, where oxygen concentration Is plotted against iuel vapor con¬ 
centration. The shaded area represents the flammable region, outside of which the mix¬ 
tures are nonflammable. It can be seen that the flammable region widens with Increasing 
oxygen concentration, as might be expected. The diagonal line sUrting at about 21% oxy¬ 
gen on the left represents mixtures of air and fuel, and this line crosses the flammable 
region at two concentrations, L and U. The former, L, represents the fuel concentration 
at the lower flammability limit in air, below which the concentration is too low to support 
combustion. The latter, U, is the concentration at the upper flammability limit in air, 
above which the fuel vapor is too rich to support combustion. 

Fig. 2 - Flammability limits of hypothetical 
fuel-oxygen-aitrogen mixtures 

The definition of flammability limits from Coward and Jones (2) is presented here 
by way of summary. "A flammable mixture of gases, such as methane and air, may be 
diluted with one of its constituents until it is no longer flammable. The dilution limit of 
flammability, or simply the'limitof flammability'is the borderline composition; a slight 
change in one direction produces a flammable mixture, in the other, a nonflammable 
mixture. There are clearly two limits of flammability, a lower and a higher, for each 
pair of so-called combustible gases and supporters of combustion. The lower limit cor¬ 
responds to the minimum amount of combustible gas, and the higher or upper limit to the 
maximum amount of combustible gas capable of conferring flammability to the mixture." 

Flammability limits depend on the nature (heat of combustion, etc.) of the fuel, the 
composition of the oxidizing atmosphere (air or atmospheres containing other oxygen 
concentrations, and nitrogen or other diluents), temperature, pressure, and on other 
factors. Unless otherwise stated, flammability limits will be assumed to be at atmos¬ 
pheric pressure in air at ordinary temperatures (in the neighborhood of 25 °C). 
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FLAMMABILITY LIMITS OF MIXTURES OF 
TWO OR MORE FUEL VAPORS 

íuel.^mcUiw quMtto^now^íse^concernliw OÍ ^its for a given 
fuels. Before" we consider íS fue¿ Ä 0^turea oi two «>0« 
vapor mixtures. Suppose tha" we know the flammahm?8 ?^^6 ¡e8S comPlex subject of 
which we add a second fuel vamr whose OÍ a given iuel vaP°r to 
know the relative amounts of e?ch what would be thïfÜ.m^Iîi 1 lng that we also 
The answer to this question was given by Le Chatelier (3? hTlfifl? ^“‘¡f oi the mlxture ? 

various1 fuel rntî^eÎ^Tule^aÎeTthl! ^TJmmabl0' 

;Ä=frmÄ 
illustrated in ^ IToTbÄ10 ^ Chateli-s rule is 
seen that a plot of n-oct¿Tconce«raUon n u„i'a and n-undecane ^ air. It is 
line separating the flammable from the nonflammaM 6 concentratlon 8ivi,s a straight 
limit. The mathematica^equations' and the meZnSi "T ,the l0Wer ^»«»abUlty 
figure, as is the case for ™ in the 
octane (and sometimes other n aiiranod < j louow. Plots 01 binary mixtures of n- 
ooses In Fia T hT, ^ n alkanes) in n-undecane will be usf d for Illustrative n.,r 
poses, in Fig. 3 the lower flammability limits for pure n-octane m a P 

,o “pper '"»h* - b. ä 

Very lnteresting coronaries are implied by Le Chatelier'» -, » a 
can be demonstrated mathematicallv from i/rha/L,, . ,'nateIlpr £ -u e (2), and these 
Figs. 3 and 4. ^ irom ^ Chatelier’s equation, or graphically as in 

gases in air. eacÍTifwhicV^afríraatonVSínÂ^ li n m°re Vap°rB °r 
centration. Each gas, therefore, if it were the onlv^!? 1 1 ilanimabill,ty llmtt con- 
tlon, would be nonflammable. The corollary states that T/h?6”1 1,1 at that concentra- 
equal to unity, then the mixture of gases is a toweí ím.t f,a "Z OÍ ** iraCtlon8 18 
pie, a mixture of n-ocUne and n-undecane in air whirhaeo1f7mable mixture- For exam- 
amount of n-octane (1/4 x 0 892 - 0 an/ih Whl h C0ntaln8 one-quarter of the 
(3/4 X 0.656.0.492¾) which are InófviSuyli^.si^tóTor01 “7 ‘"T' 01 "-“"O"»"* 
will be a lower lih.lt mixture since the .Ûm^t Í .Î y.! lower u,nlt tnlxture. 
This ts indicated a. a trlangú on the lower limit llnetaih“!^ tl^ureV. “ ^ 10 ^ 

oi vaSMÃÂwíermuÂ^Lr^rr1*1 
The corollary sutes that two or more lower linio n,” ífígle more comP1ex mixture. 
proportions, give rise to new mlxture8 which are aîoma?ÎÎÎirTtUren’ ? mbted ln ^ 
flammable. For examnle ».mnn«« hTu 6 al8c at ^611^ lower limits and are 
first a mixture of n-octane In air at its loweíTirnTuríS!!6 íÍf??mable mlxture8, ^e 
n-undecane in air also at its lower limit (0 656^1 in the 8econd a mlxture of 
in the proportion of 1:2 respecUveiy to form a ÎLïï mlxture8 are "lixed 
will contain 0.297% n-octane and 0.437% n-^dec^fe a^thi^i^6' Thpre8uItlnK mlxtun 
ture, as is shown by the squares In Fi¿. 3 and 4 ' d h 1 al8° a ilarnmable mix- 

ship tor the ovVraîî^erÏÏm^îuy lfmtt^^etecoi^Pd (4) derlved a relation- 
be referred to as the "fuel mSt^e") as ÏÏunc iln of Z d flammablp «a8P8 Uhls will 
mability limits of the individual components This reiîficoncentratlon8 and lower flam- 

. binary mixture In Ftg. 4, .„,e. Uta, U.e reciprocal oT^tw^/lÏXb'luy'UmÍ'oT 
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Fig. 3 - Le Chatlier's rule illustrated Ly 
the plot of the lower flammability limits 
of a binary vapor mixture of pure n- 
octane (A) and n-undecane (B) in air 

4— n-OCTANC CONCENTRATION. N^ (MOLE TRACTION OF ’’OTIL FUEL ) 

Fig. 4 - Theoretical lower flammability limits of binary 
fuel vapor mixtures of n-octane and n-undecane in air 
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the mixture is equal to the sum of the ratios of the proportions oí each fuel In the flam- 
mahle mixture (expressed as mole fraction of total air-free fuel vapor) to Its concentra¬ 
tion at the lower flammability limit. In the figure the lower flammability limit of the 
^ u.re.(perce"t by volu?e] 18 Plotted aeai™t the vapor concentration (mole fraction of 
total hydrocarbon vapors) of n-undecane to the ight (or n-octane to the left). The plot 
g ves a gently curved line dividing the flammable from the nonflammable region and ter- 
minates at the lower limits for the pure hydrocarbons. This relationship can also be ex¬ 
tended to upper flammability limits and to mixtures of more than two components (2). 
The Hgure suggests (and it can be shown from the equations) that the relative Influence 
of each flammable vapor component on the lower flammability limits of the total mixture 
is a function of its concentrition in the total fuel vapor. 

HOW TO PREDICT THE FLAMMABILITY PROPERTIES 
OF LIQUID SOLUTIONS 

We now redirect our attention to liquid fuels but this time to solutions contamina two 
or more components. The question arises as to how to predict the overall flammability 

e8f ^ 8olutlon irom the properties and concentrations of the Individual 
TÎki a?8We^ t0.thl8 (lue8tion 18 h*86«1 on physical chemistry principles by 

^iHiî8^8811^6 t0 calculate the equilibrium composition at a given temperature above 
thpÍirUldih»fr0Carb0n*80l’ÍtÍC)n fr0m 1116 lndivldual vaP°r Pressures of the components and 
their relative concentrations in the liquid solution. Once we know the vapor phase com- 
i^Th0? ^?°V-e thei liqu‘-4. we can Predict the overall flammability properties by use of 
Ífnfnhrfleíler ?Krule’ aS haS been 8hown- VaP°r composition above a liquid solution is 
dependent on the vapor pressures and the concentrations In the solution of the individual 
oartia^vann ^ ^ 0the^ w<?rd8’ on the partul vaP°r pressi.res of each component. The 
exh St ViTZ:BZre ? VaPOr pre88urc whlch the Individual pure component would exhibit, if it were the only vapor present in the volume occupied by the vapor mixture 
The keys to the overall flammability properties of a liquid solution are the^artUl vapor 
pressures and the individual flam mobility properties of the components. Since vapor^ 
pressure is a rolligative property and depends on the number of molecules present tt is 
Hnn fmnh Pres8ure oi pure component multiplied by its concentra¬ 
tion (mole tract on) in the liquid solution (Raoult's Law). The total vapor pressure of the 
olution is equal to the sum of the individual partial vapor pressures (Dalton's Law) 

Raouit s and Dalton s Ltws have been found to be applicable to liquid hydrocarbon solu- 
tlons which approximately resemble "ideal" solutions. These concepts are illustrated 
or a binary solution in Fig. 5, which is chosen as a textbook" example LZ ftíe 

^«pVnf°ar pre88uf.es °f Individual pure components are not far apart. However^ the 
case of a binary liquid mixture of two components of widely different vapoi pressures 
Fi ^fiTr^í ■JJP*. of KraPl» I« distorted from that of the textbook casrand is shown in 
fhf JLh i 80luti0n °l n-octane and n-undecane. In both figures the diagonal lines tor 
the partial pressures of each component, pA and p¿, are shown, and the total vapor 

SeTltoe6 SrhpbUiüed by addlng P'APlU8 ^ at 8a^ concentration is indfcl^d byX up- 
pe line. Where the vapor pressures of the pure components are fairly close (Für 5) the 

Prf8T! r p“,18 1116 8um oi t*1* contributions of two oppositely siopedbut 
relatively equivalent diagonal lines. However in the other case, where the pure SSor 
pressures differ considerably, the contribution of the lower vapor pressure constant 
i8 .relatively low, and pM is approximately equivalent to toe Sl pressieTtoe mo!-e 
volatile cQmjjonent pA. This is an important point, that the totol vapor pressure of a lia- 
uid soiution of volatile and relatively nonvolatile components Is approximately equivalent 
to the partial pressure of the more volatile constituents. This has an important bearlna 
on the vapor composition and the flammability properties of liquid solutions. ^ 
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Fig. 5 - Vapor pressure vs concentration of ideal binary 
liquid solutions at constant temperature 

«-n-OCTANE CONCENTRATION (NA, MOLE FRACTION OF TOTAL FUEL) 

n-UNDECANE CONCENTRATION, Ng ( MOLE FRACTION OF TOTALfUEL)-* 

Fig. 6 - Vapor pressure vs concentration of binary 
liquid solutions of n-octane (A) and n-undecane (B) 
atZS-C 
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LOWER FLAMMABILITY LIMITS OF LIQUID SOLUTIONS 

By combining the laws of Le Chateller, Raoult, and Dalton, we can determine the 
composition and flammability limits above a liquid solution at a given temperature. This 
is illustrated for a binary mixture of n-octane and n-undecane in Fig. 7. The linear rela¬ 
tionship for vapor mixtures (Fig. 4) obviously does not apply to liquid solutions The 
lower flammability limit of the mixture, starting with n-undecane (0.656%, at the right 
8u i°/ .Fig'7)’ ri8es rapidly with increasing n-octane concentration (as we proceed to 
the left) and quickly approaches that of the more volatile constituent n-octane, while still 
at relatively low concentrations of n-octane. For still more volatile fuel components 
such as n-hexane (also in n-undecane) the rise is even more rapid, and the curve ap¬ 
proaches an almost constant level close to the lower limit of the hexane. The farther 
apart the volatility of the components of a mixture, the more will the total properties of 
the mixture approach that of the more volatile constituent. 

Fig. 7 - Theoretical lower flammability limits of 
binary liquid solutions of n-octane and n-undecane 
in air 

FLASH POINT OF LIQUID SOLUTIONS 

It is often convenient and useful to express the flammability limits of a liquid fuel bv 
the temperatures at which its vapors become flammable. We will confine this discussion 

Is the to™inab1ll!ty- The lower ila8h commonly referred to simply 
fun íhV f th? ,mlnlmum temperature at which sufficient vapor is released by 
a liquid to form a flammable vapor-air mixture at 1 atmosphere pressure. In other V 
WrVh? ^ f01?1 lS ^ temPerature at which the vapor pressure (in atmospheres) 
? hve ^ 18 equlvalent to the concentration at the lower flammability limit (mole frac- 
tl°Hnî'K ®?th.vap°r Pressures and lower flammability limits are temperature dependent 
and the flash point temperature may be obtained by the Intersection of the plots^f vap^r 
pressure and lower flammability curves, each plotted against temperature (5). This^ 
shown at "A" for a typical pure liquid fuel in Fig. 8. The application of these concepts to 



10 w. A. AFFENS 

solutions of two or more liquid fuels Is somewhat complex, more so than our earlier dis¬ 
cussion of flammability limits of solutions. This is because the lower flammability limit 
discussion assumed a constant temperature (conveniently at 25°C), whereas the concept 
of flash point adds temperature as a new variable. Nevertheless, by application of appro¬ 
priate physicochemical principles Involving the two temperature dependent functions 
(vapor pressure and lower flammability limits) to the combined laws of Le Chatelier 
Raoult, and Dalton, equations can be derived to describe the flash point of hydrocarbon 
solutions, for these purposes, the linear temperature dependence of the lower flamma¬ 
bility limit which has been described previously (5) was used. A form of the Antoine 
equation was used to describe ihe variation of vapor pressure of the fuels with tempera¬ 
ture. Both of these temperature functions have been found to be applicable to hydrocarbon 
fuels. By means of the combined equations it is possible to calculate the flash point of 
solutions of one or more pure hydrocarbon components from the flash points and the con¬ 
centrations of each constituent. Examples of this for three binary solutions are given in 
* ,,The C“r,ves also illustrate the marked imr,ortance of the more volatile components 
to the flammability properties of the mixture. ^ 

Fig. 8 - Vapor pressure and flammability limits vs 
temperature for a typical hydrocarbon fuel-air mixture 

FLAMMABILITY INDEX ("EXPLOSIVENESS”) 
OF LIQUID SOLUTIONS 

Another useful flammability property is the flammability index (5) or "explosiveness" 
which is a measure of potential flammability hazard of a fuel. It represents the fraction, 
or ratio, of the actual concentration of fuel vapor above a liquid to that at its lower flam¬ 
mability limit. If the concentration is equal to that at the lower limit, then the flamma¬ 
bility index is equal to unity. If the value is unity or above, the mixture is flammable, 
and if less than unity, it is nonflammable. For a given pure hydrocarbon at a specific 
temperature one can estimate the vapor concentration above the liquid from its vapor 
pressure. The flammability index can then be calculated from the vapor concentration 
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^ * Theoretical lower flash point temperatures of 
binary liquid solutions of n-alkanes and n-undecane 
in air 

and he lower flammability limit. The flammability index can also be determined experi¬ 
mentally. as is done, for example, for JP-5 jet fuels in the "explosiveness test" (6) ihich 
is performed at an arbitrary temperature of 125“F. By means of the equations which we 
have employed for flammability limits, it is possible to calculate flammability indices 
for solutions of hydrocarbons. As shown in Fig. 10 the resulting plot of flammabilitv in 
dex vs concentration is linear. The horizontal line at E = 1 re^esel the c“ttical vïlie 
above which the vapors are flammable. In the example, a binary solution of n-octane in 
n-undecane, the graph crosses the line at a concentration of 6 mole-percent of n-octane 
This means that n-undecane, which is not flammable at 125°F, can be made flammable 
In n Ifndfra8 ^ 6 m°le;Percent oi n-octane. Piott, of other mixtures of n-alkanes 
in n-undecane are shown in Fig. 11. It is seen that with higher vapor pressures (tower 
carbon numbers, CJ a smaller concentration of the n-alkane is required to make th* 
mal solution flammable, so that for n-hexane only 1 mole-percent is sufficient. In Fig. 
. a pl?hl conc<mtraticm8 of the volatile component vs n-undecane is given. This curv» 

shows that for still more volatile fuels, such as n-pentane and below, extremely small 
concentrations will yield flammable mixtures. The relative importance of vapor pres¬ 
sure over that of concentration on flammability is clearly demonstrated ^ P 

SUMMARY AND CONCLUSIONS 

It has been demonstrated by application of Raou.U's and Dalton's laws governirur 
vapor pressure and composition above a solution of two or more liquid hyíocartxüfs to 
Le Chatelier s rule governing the flammability of vapor mixtures, that vapor pressures 

constltufnts PlaV a more important role than concentration onthe overall 
lammability properties of the solution. Although precise relationships have been derived 

aDnÜahlp6^11''015' 8olutio,ls oí Pure hydrocarbons, the concepts they imply are 
applicable to more complex mixtures such as jet fuels, diesel fuels, and the like The 

COnC-!U8ÍOn demonstrated by these equations is that a very small amount 
of highly volatile contaminant in a relatively nonflammable fuel may make it flammable 
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12 w. A. AFFENS 

l»-O.TANt CONCENTRATION. N4 ( MUl f FRACTION Of TOTAL FUEL ) 

n-ALKANE CONCENTRATION, N^f MOLE FRACTION OF TOTAL FUEL) 

.1-UNDECANE CONCENTRATION, NgfMOLE FRACTION OF TOTAL FUEl)-» 

Fig. 11 - Flammability indices (explosiveness) of binary 
liquid solutions of five n-alkanes in n-undecane in air 
at 125* F 
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Fig. 12 - Minimum concentrations for flammability vs 
carbon number of binary liquid solutions of n-alka' es 
and n-undecane in air at 125*F 

ntr EniSNCES 

wädshitoe„d DacR<'8“1““0nS' T‘“e 46' S*C“0n 146’ ^°ver,lment Printing Office, 

2. Coward, H P and Jones, G.W., "Limits of Flammability of Gases and Vaoors •' 
Bureau of Mines Bulletin 503, 1952 vapors, 

3. Le Chatelier, H., Ann. Mines 19:388 (1891) 

4. Coward, H.F., Carpenter, C.W., and Payman, W„ J. Chem. Soc. 115:27 (1919) 

5. Aliens W A., ' Flammability Properties of Hydrocarbon Fuels, Part 1 - Interrela¬ 
te? 0f Flanimablllty Properties of n-Alkanes in Air," NRL Report 6270, May 25, 

6' BO“'r FUel 0U'" FedCral S,a,,dard ,91a’ 



BLANK PAGE



Sromt} C Irfstttfu Mtion 

DOCUMENT CONTROL DATA - K & D 
Security flat> mi fli «lion of ntic. tn>if\ wf .i6<>rrw( f nnd unie bln, ,<i,n-.: i . f ».« rnft-ffti ></n m the ,,vtiill report ■ tossilre, 

i originating activity fCorporal» au’-iof) 

Naval Research Laboratory 
Washington, D.C. 20390 

¿a. REPORT SECURITY CLASSIFICATION 

Unclassified 
ih GROUP 

FLAMMABILITY PROPERTIES OF HYDROCARBON FUELS - Part 2 - The Impor¬ 
tance of Volatile Components at Low Concentration on the Flammability of Liquid 
Fuels 

« OESC R'P TI VC NOTE* (Type of report and Inclumve date«) 

An interim report on one phase of the problem. 
« auTmoWiSi fhirbi nmim*, muidle initial, laat name) 

Wilbur A. Aifens 

e REPORT DATE 

July 10, 1967 
7a. TOTAL NO OF PAGES 

18 
7b. NO OF REFS 

6 
6<n CONTRACT OR GRANT NO 

NRL Problem CO 1-03 
6. PROJEC T NO 

SR 001-06-02-0600 

RR 010-01-44-5850 
d. 

»«. ORIGINATOR*» REPORT NUMBE Rl»l 

NRL Report 6578 

9t OThER REPORT noch (Any other number* that may be aaêlgned 
thiM report) 

10 DISTRIBUTION STATEMENT 

Distribution of this document is unlimited. 

Il SuRPtEMfN T A « V NOTES 

A T H A 

SPONSO Ring MILI T AR Y A 

Dept, of the Navy (Office of Naval Re¬ 
search and Naval Ship Systems Command), 
Washington, D.C. 20360 

It has been demonstrated by a simplified treatment that vapor pressures of 
individual constituents play a more important role than concentration on the overall 
flammability properties of hydrocarbon mixtures. This treatment is based on the 
application of Raoult's and Dalton's laws governing vapor pressure and composition 
above n solution of two or more liquid hydrocarbons to Le Chatelier's rule govern¬ 
ing the flammability of vapor mixtures. The most important conclusion demon¬ 
strated by the derived equations is that a very small amount of highly volatile con¬ 
taminant in a relatively nonflammable fuel may make it flammable. The amounts 
needed can be predicted from the equations and the properties of the components. 
Although precise relationships have been derived only for relatively simple solu¬ 
tions of pure hydrocarbons, the concepts they imply are applicable to more complex 
mixtures such as jet and diesel fuels. The flammability properties included in this 
study are lower and upper flammability limits, flash points, and flammability in¬ 
dices of liquid solutions. 

DD FORM 
I NOV•s 1473 (PAGE 1) 

S/N 0101.807.6801 

15 
ülecuntv TT Misi/ication 



S»curlty ¿,la»»iíic«aon 

Kcv Mono* L 'N * A LINK B LINK c 

"O L t Wf T *OL t N T 

Hydrocarbon fuels 
Flammability 
Flash point 
Flammability index 
Flammability limits 
n-alkanes 
Jet fuels 
Vapor pressures of fuel mixture 
Liquid fuel solutions 
Fuel vapor mixtures 

DD .^..1473 ,BACK) .„.„o 16 
(PAGE- 2) ---- 

»»curlly Classification 




