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ABSTRACT

The liquid fuel temperatures of the flash and fire points were discussed for
their accurate measurement according to their definitions from the view point of
spilled fuel fire hazard prevention. The flash and fire points for some hydro-
carbon and alcohol fuels were measured at the open cup system with an electric
spark ignition source, avolding the external air blow. Measured results were
compared with those by the usual methods of Tag Closed Cup and Pensky-Martens,
and some influencing factors in the measurement were discussed. In the present
study, pre-flash phenomenon, namely "Pre-flash point", was found at a little lower
liquid temperature than the flash point. It suggests that the specification of
the scale of flame appearance at flash phenomenon above the fuel pool surface
should be introduced in the usual methods of flash point measurement. Presented
consideration on flash point covers the theoretical prediction of flash point of
the binary hydrocarbon fuel mixture.

RECENT PHASES OF THE STUDIES

Many studies on the fire hazard prevention for liquid fuel have concentrated
their serious interests to the flash point of the fuel for more than forty years.
The flash point is defined as the fuel temperature at which the equilibrium fuel
vapor concentration of its lower flammability limit is attained. It has been
measured and investigated concerning such parameters as the latent heat of va-
porization, the boiling temperature and the fuel vapor concentration of lower
flammability limit for the purpose of theoretical prediction of the accurate
fuel temperature when the flash phenomenon occurs (1-8). Many previous reports,
however, have presented divergent measured values one another, which are due to
complex parametric factors in their measuring apparatuses and methods for flash
point such as the position and dimension of ignition source, mixing or no-mixing
in vapor phase above pool, and fuel container condition (open or closed)(1l-14).

Then, not all investigations in this field are, of course, necessarily com-
plete, as discussed in detail by Glassman et al.(lé6). It seems that some unsol-
ved problems remain still in the usual methods of flash point measurement for
the purpose of obtaining the accurate flash point (9,13-17). Although the fire
point is defined as the lowest fuel temperature at which the diffusion flame is
sustained above the fuel pool without any external heat supply (7,19,20), gener-
ally reliable data have not been published. We can see the considerable
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divergence among the fire point data in some previous papers, and the divergence
seems due to more complex parametric factors in the measuring methods which have
significant effects on the measured result than in flash point measurement{15-20).

FAVORABLE MEASUREMENT OF FLASH AND FIRE POINTS

The purpose of the present study is to obtain the accurate flash and fire
points for some hydrocarbon and alcohol fuels under the experimental condition
according to their definitions, and to examine the measured results comparing with
those in previous studies for clarifying the influencing factors in the measure-
ment. Although different apparatuses and methods give different measured values,
it is necessarily important to know the accurate fuel temperatures at flash and
fire phenomena according to their definitions for the detailed discussions in the
problems of the flame spread mechanism along liquid fuel surface (15-18) and of
the ignition behavior of fuel droplet in the hot atmosphere (21-24) or on the hot
solid surface (25,26). The accurate measurements of these temperatures are impo-
tant also for the estimation and classification of the flammability hazard of lig-
uld fuels., Figures 1 and 2 show the relations between the equilibrium vapor pres-
sure and liquid temperature for alcohol and hydrocarbon fuels respectively, where
T 1 indicates the theoretical flash point. The essentials in all the methods for
ffash point measurement exist in the accurate measurement of Tfl'

10— —— 8 10 e —

B et

[ AT Upper Flammability Limit
O ! Lower Flammability Limit
| T Theoretical Flash Point

O [ Lower Flammability Limit

7F oo T
"~ & Upper Flammability Limit
: Ta ' Theoretical Flash Point

~
T T TTTTT

Equilibrium Vapor Pressure (mmHg)
Equilibrium Vapor Pressure (mmHg)
w
T

T T

{ i
! i
/|
A x
1 1 4 LN N : WV/RRTARY i ik L
-40 -20 O 20{ ?40? 80 80 100 120 ~40 ?-20 IER 40? 603 180 100 120
T Ty T T T Liquid Temperature (C) T Tu T T To Tu T Liquid Tem-

FIGURE 1 FIGURE 2 perature ('C)

FIG.1 and 2: The Relation between Equilibrium Vapor Pressure and Liquid
Fuel Temperature {(from literature).

As predicted reasonably, there exists the boundary layer of fuel vapor con-
centration above liquid pool. Figure 3 shows the interferogram with He-Ne laser
source (wave length; 6328 R) and the concentration profile in the bound§r¥ layer
of n-octane vapor above the liquid surface. Figure 3 shows that the equllleium
fuel vapor concentration adjacent to the pool surface agrees with that predicted
from Fig.2. The result shown in Fig.3 suggests also that the disturbance of fuel
vapor diffusion has a significant effect on the production of flammable concen-
tration zone above the pool surface and on the measured results of flash point.
We can expect that measured flash point approaches to the theoretical value T
even by the open cup method, if the ignition source is placed closely to the pool
surface and disturbing air blow is prevented. Also the flash poin? is to be meas-
ured as higher value with increase of the distance between the ignition source
and the pool surface (6,16).
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FIG.3: Interferograms (a) and (b) of Concen-
tration Boundary Layer, and Calculated Con-
centration Profile (c) above n-octane pool
at 14°C.
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FIG.4: Schematic Drawing of The Measurement
apparatus of Flash and Fire Points at Open

Figure 4 shows the measurement
apparatus in the present study of
flash and fire points with open
cup and spark ignition source. The
fuel was filled up to the lip
level of the container cup (di-
ameter 50 mm, depth 20 mm) and the
fuel temperature was maintained
constant by the temperature con-
trolled cup. Phototransistor was
used for the detection of flame
when the flash phenomenon occurred
, and thermocouple (C-A, 0.1 mm
dia.) was taken for monitoring
the fuel surface temperature.
Spark electrode position above
pool surface is accurately set at
a height by a cathetometer, spark
gap is 3 mm, and spark duration
was set at 0.3 sec by relay cir-
cuit apparatus. Then, spark ener-
gy; approximately 100-300 mJ gen-
erated by the induction coil, is
sufficient as the ignition source.
For avoiding the disturbance of
fuel vapor diffusion by external
air blow, most of measurement
equipments were enclosed in the
windshield with PMMA plates.

16 mm movie was taken for observ-
ing the aspect of flash phenomenon
in detail.

PRE-FLASH, FLASH AND FIRE PHENOM-
ENA

In the present study, typical
hydrocarbons and alcohols of which
flash points are not so far from
the room temperature were chosen
from the view point of accurate
measurement in the experiment.

The "pre-flash" phenomenon can be
observed for some fuels at a lit-
tle lower liquid temperature than
the flash point. It is instanta-
neous and faint but clear propa-
gating appearence of a flamelet,
and is due to local flame propa-
gation through the stratified fuel
vapor layer adjacent to the pool
surface.

Figure 5 shows the pre-flash
phenomenon on the pool surface of
n-nonane, where a propagating
stretch of flamelet appears in the
picture No,2. Pre-flash is clear-
ly different from the flame ap-

Cup System with Electric Spark Ignition Source. pearance such as small blue "halo"
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of the burning fuel vapor which surrounds the pilot ignition flame as often ob-
served in usual flash point measurements (e.g. Tag Closed Cup and Pensky-Martens
methods), and such blue halo would not propagate across the pool surface.

Figures 6 and 7 show the flash and fire phenomena on the n-nonane pool respec-
tively, which follow after the pre-flash. Flame propagation area above the pool
surface in the flash is clearly larger than that in the pre-flash. Although the
full interpretation of "pre-flash' phenomenon, especially the reason why the
flamelet propagates locally only above some part of pool surface and why it is
extinguished on the way, can not be given in the present stage of this study, we
can consider some important factors as that the position of ignition source (spark
electrode) is the center of fuel pool surface of the tray, and there must exist
the considerable escape of generated fuel vapor by outer diffusion near the pe-
riphery of tray. Fire phenomenon was determined as the flame sustaining of at
least five seconds above the pool after the flash phenomenon. In these figures,

a generated spark is imaged by halation shown as the small bright point. Flash
phenomenon is in itself the ignition and flame propagation in gas phase where the
fuel vapor concentration gradient exists, and the flame propagates through only
the thin stratified gas layer close to the pool surface (27-30).

Then, the scale of flame appearance on the pool surface should be specified
additionally in the usual methods of flash point measurement. On the other hand,
for alcohol fuels (n-butanol and iso-butanol), such pre-flash and flash phenomena
could not be observed. Glassman et al. also discussed the experimental result
that the flash and fire phenomena occur at the same liquid temperature for alcohol
fuels(16).

Table 1 shows the fuel temperatures at which pre-flash, flash and fire phe-
nomena occurred, with the relation to the height of spark electrode above fuel
surface. Table 2 shows the measured results of flash point by usual methods, Tag
Closed Cup and Pensky-Martens methods, and theoretical flash point determined by
the condition of lower flammability limit concentration on the curve of equilib-
rium vapor pressure. As shown in these tables, except alcohol fuel, the pre-flash
point is 1-3°C lower than the flash point, and the fire point is 3-7°C higher than
the flash point when the spark position is 3 mm above pool. For alcohol fuel,
although it was very difficult to distinguish between flash and fire points in
the present spark method, the fire point is, however, shown about 10°C higher than
the flash point by Tag Closed Cup method. For o-xylene, a bright flame and soot
formation can be observed not only in the fire phenomenon but also even in the
pre-flash and flash phenomena, which are usually observed for such fuels as aro-
matic compounds.

As evident from these tables, flash points by open cup method with spark
ignition source are higher than those by Tag Closed Cup method. This is, as
often discussed for closed cup method, due to the local heating of pool surface
by small pilot ignition flame and the increase of air entrainment by the induced
convection. On the other hand, fire points by the open cup method with spark
ignition source are lower than those by Tag Closed Cup method, which is probably
because the air entrainment is sufficient at open cup system but poor at closed
cup system.

The heights of small pilot ignition flame (about 4 mm dia.) above pool sur-
face are specified as 27-29 mm in Tag Closed Cup method (ASTM D-56), 19-21 mm in
Pensky-Martens method (ASTM D-93) and 9-11 mm in Cleaveland Open Cup method (

ASTM D-92). They are very higher than the positions of spark ignition source in
the present study, but the thermal energy of spark ignition source is very smaller
than that of pilot flame. Then, the effect of local heating of pool surface by
spark and/or thermocouple can be neglected in the present study.

Pre-flash, falsh and fire points rise 1-3, 2-5 and 2-10 °C respectively with
increase of the height of spark ignition source. When the height was lower than
3 mm, it was often impossible to ignite the fuels in the present study. These
results suggest lucidly that flash phenomenon occurs only when tne flammable
mixture was produced around the ignition source, and the quenching layer above
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FIGURE 5: Direct Movie Photographs (48 pps) at Pre-Flash
Point (37°C) of n-Nonane, Spark Position is 3 mm above Pool.
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FIGURE é: Direct Movie Photographs (24 pps) at Flash Point
(38°C) of n-Nonane, Spark Position is 3 mm above Pool.
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FIGURE 7: Direct Movie Photographs (24 pps) at Fire Point
(42 °C) of n-Nonane, Spark Positicn is 3 mm above Pool.




TABLE 1: Measured Fuel Temperatures at Pre-flash, Flash and
Fire Phenomena with The Relation to The Height of Spark Electrode
above Pool Surface.

Pre~flash point (°C) Flash Point (°Cy Fire Point (°C)

Fuel T
A B c o A B < o | & A B c D

n-Octane | 16.6 14.8 17.8 - ) 17.4 17.0 20.1 20.4 |12 20.8.717. 23.0 22.8

LY

n~Nonane 36.3 34.0 35.9 38.3| 38.0 38.7 37.3 40.1 | 31 42.2  44. 44.7 47.1
n-Decane | 51.6 51.0 356.4 55.31 53.6 52.1 58.2 59.1 46 1 60.6 62.4 64.2 65.2
n-C,HyOH — — e —_ — - 29 38.1 42.9 44,7 48.7

iso—CAHQOH — — — — — — I — 28 28,8 32.3 35.7 38.5
o-Xylene 34.3 34.5 34.6. 34.5] 36.9 35.9 38.8 39.0; 32 41.5 48.2 50.1 51.0

spark electrode position above liquid surface: A= 3, B= 5, C= 7, D= 9 (mm)

E : Value from literature (Closed Cup method)

TABLE 2: Measured Flash and Fire Points by Tag
Closed Cup and Pensky-Martens Methods.

. . N . N
Fuel Flash point {°C)| Fire Point (°C) Tfl(°C)
C.C. P.M. c.c. P.M.

n-Octane 17.1 28.0 24.5 37.0 13
n-Nonane 33.5 40.5 43.¢ 56.0 29
n-Decane 50.0 57.0 67.5 77.0 46
n—C4H90H 37.0 46.0 ) 48.0 56.0 32
isO—CAHQOH 30.3 — 38.0 —_— 26
o-Xylene |  31.8  —— 43.3 —— 29

C.C. : Tag Closed Cup Method

P.M. : Pensky-Martens Method

Tfl : Theoretical Flash point by Lower Flammability
Limit on Vapor Pressure Curve

fuel pool where the flame can not propagate certainly exists. Glassman et al.
reported that the quenching distance above liquid surface is very small (below
0.3 mm) for some alcohols and very large (about 3 mm) for some hydrocarbons(16).
Therefore,from the different measuring methods of flash point and consequent
different measured results as mentioned above, the significance and/or application
of flash and fire points data to the investigation of such problems as flame spread
mechanism across the liguid surface, ignition of liquid droplet and ignition hazard
classification of liquid fuels should be discussed separately.

PREDICTION OF FLASH POINT OF LIQUID FUEL MIXTURE

It is well known that the lower and upper flammability limit concentrations
of multicomponent fuel vapor mixture can be estimated approximately by Le Chate-
lier's law. There are, however, hypothetical limiting conditions in Le Chate-
lier's law as that each component in the vapor mixture has the same activation
energy, and each activation probability which is proportional to the concentration
has the same proportional constant.

For the liquid mixture, it is very difficult to estimate the flash point because
the composition of vapor mixture above liquid surface varies with the liquid
temperature, although the flammable limit concentration of the equilibrium vapor
mixture above liquid pool at its certain temperature can be calculated by Le
Chatelier's law. On the other hand, for multicomponent liquid mixtures such as
kerosene and JP-4, it has been suggested that the flash point is determined only
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by very small concentartion of dissolved highly volatile component (10,21). 1In
the present study, theoretical prediction of the flash point for the liquid fuel
mixture in which each component has largely different volatility was tried.

Table 3 shows the flash points, by Tag Closed Cup method, of the mixtures of
n-butanol and n-decane, and of n-heptane ~ n-dodecane with various mixing ratios,
where the predicted flash points were determined by the partial vapor pressure of
the most volatile component corresponding to the lower flammability limit concen-
tration. It was assumed that the flash phenomenon is ascribed only to the most
volatile component. As shown in the results, the predicted flash points by such
the assumption are not necessarily valid, except that the mixture dissolves highly
volatile component compared with other ones.

The flash point of the binary mixture of liquid fuels of the same kind, of
which vapor pressures are largely different, can be calculated theoretically as
follows, on the assumption that the liquid mixture is an ideal sclution and then
Raoult's law can be applied.

Py=ryPps pp=r Py (rpery,=1) (1)

where, P is the inherent vapor pressure of the component, r is the mole frac-
tion of the component in the liquid mixture, p is the partial vapor pressure of
the component in the equilibrium vapor mixture above liquid, and subscripts 1 and
2 indicate the components 1 and 2 in the liquid mixture respectively.

Assuming that flash phenomenon is ascribed only to p,, the partial vapor
pressure of the more volatile and flammable component is &stimated by Clausius-
Clapeyron's law as follows, although the total equilibrium vapor pressure of the
liquid mixture is Py + Pye

* A Hl
Pr=Cop (= ——r) (2)
Tl

For the temperature T of the liquid mixture,

T oatT=Ty Py at T =T, + AT
pp =1y PpatT=T,, py, =P atT=1 +

where, P. is the vapor pressure corresponding to the lower flammability limit
concentration, T¥ is the flash point of component 1, AH, is the latent heat of

vaporization, C Is the constant, R is the gas constant, AT is the elevation of
flash point due to the solubilization of less volatile component 2.

Consequently,
A HJ A Hl %

Cexp (— =) =1 Cexp (— = ) at T =T, + AT, (3)
R Tl : R (Tl + AT) :

Therefore,

T e 8T = (=— + —R—1nr )7 ()
Tl ﬁHl

Fugure 8 shows the measured results of flash and fire points of the mixture
of n-octane and n-decane, the calculated flash point is by the equation (4) where
n-octane is the component 1, and the predicted flash point is by the partial
vapor pressure of n-octane corresponding to the lower flammability limit (1.0
vol%) calculated by Raoult's law. As shown in these results, predicted flash
point agrees well with the measured one if the volume fraction of n-decane is
below about 0.7, but the calculated flash point is reliable only at high fraction
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of n-octane. If more accurate expression of vapor pressure equation is taken

(31), and/or the difference between the theoretical flash point (T

l) and the

measured one by closed cup method can be reduced by the improved medsurement,
theoretical study on the flash point calculation will take long strides, which

is the subject for future study.

TABLE 3: Measured Flash Points (T_) and Predicted Ones of the
Fuel Mixtures with Various Mixing Ratios.

volumetric mixing ratio Flash Point(°C) W’ Volumetric mixing ratio —rFlash roint (5C)
(Closed cup) (Closed cup)
T n=C.H, ¢ In=CgH, oin-c 0, [n-c, H ln-c u , In-c, n T, | Predi
N 7016 8718 9720 10722 11724 12828 £ redicted
n-C,Hy0H n-Cy oMy Te Predicted
1 1 34.0 35.5 1 2 3 28.5 | 44d.6
3 1 34.5 34.5 | 2 1 2 25.5 | 30.0
1 2
1 3 34.5 10.7 3. 2 1 37.5 | s0.0
! 1 1 J 2 3 2 1 24.3] 34.0 l
80 —

Liguid Mixture | n-Decane+n-Octane

or . Fire Point

9 —O— Flash Point

~——-— Predicted Flash Point
{Vapor Concentration of

601 n-Octane : 1.0%)

—~— Calculation

Temperature (Tag Closed Cup Method) (°C)

0 l | ) ! : ! [ A\
0 01 02 03 04 05 06 07 08 09 1.0

Volume Fraction of n-Octane
FIGURE 8: Flash and Fire Points of the Mixtures of n-Octane

and n-Decane with Various Mixing Ratios by Tag Closed Cup method,
Prediction and Theoretical Calculation.
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CONCLUDING REMARKS

Above the pool surface of some liquid hydrocarbon fuels filled in the open
cup, with spark ignition source in a quiescent atmosphere, "Pre-flash'" phenomenon
occurs at a little lower liquid temperature than the flash point., In pre-flash
phenomenon, instantaneous faint but clear flamelet appears, and it propagates
locally above pool surface,but is quenched on the way. Then, the scale of flame
appearance above the liquid should be specified additionally in the usual methods
of flash point measurement. The prediction of flash point of multicomponent
liquid mixture by the partial vapor pressure of the most volatile and flammable
component is not necessarily reliable, except the binary mixture. Comparing the
calculated flash point of the binary hydrocarbon mixture by Clausius-Clapeyron's
and Raoult's laws with the measured one suggested that the more accurate analysis
of vapor pressure and the improvement of measuring method of the flash point are
needed.
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