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THE INTERACTION AND MERGING OF FLAMES

FROM BURNING LIQUIDS

CHAPTER I

INTRODUCTION

In the past, emphasis in fire research was directed
mainly toward fire prevention and techniques for fire sup-
pression. A large amount of information gained from this
effort presently exists, but it has not answered many of
the fundamental questions concerning fire behavior.

In recent years, fundamental fire research has re-
ceived more attention. Importance has been placed on ob-
taining information on those variables which will lead to
a basic understanding of the behavior and characteristics
of fire. This information should give a better basis for
determining standards and codes, as well as leading to new
fire prevention and suppression methods.

A great deal of fundamental work has been directed
toward the study of small laminar flames. Gaseous fuels
have been used in most of this work. Lately there has
been a growing interest in the study of larger, turbulent

1
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fires, especially those supported by solid and liquid

fuels. Information gained from these studies is more
directly applicable to fires such as those involving
buildings, forests, and fuel storage tanks. Since
large-scale tests of such fires are expensive and diffi-
cult to conduct in a controlled manner, most of the ex-
perimentation has been done with small-scale models. 1In
many cases, the data from these models have been correlated
in such a manner as to predict- the behavior of larger fires.
In the turbulent fire studies, particularly those
involving solid or liquid fﬁels, conditions have usually
been such that the flames could be described as uncontrolled,
buoyant, diffusion flames. A flame is described as "buoyant"
when the momentum forces that cause it to rise from its
source are mainly due to the buoyancy of the hot flame
gases. For gaseous-fueled fires, fuel is often fed to the
fire at a rate such that the initial momentum of the fuel
issuing from the source is large compared to the bupyancy
forces of the hot flame gases. These are described as
"jet" flames. The rate of burning of liquid and solid
fuels is mainly determined by the characteristics of the
fuel and the fire; therefore, these fuels produce "uncon-
trolled" flames. Gas flames are "controlled" since the
burning rate is determined by the rate of fuel supply.
"Diffusion" flames depend on molecular or eddy diffusion

to mix the fuel and oxidizer at the combustion zone,
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whereas "premixed" flames have fuel and oxidizer combined
before the combustion zone is reached. The flames in the
present study may also be described as uncontrolled, buoyant,
diffusion flames.

Only a few investigators have considered flames from
multiple sources. In most instances the work has been
prompted by a desire to investigate the nature of either
the "firestorm" or the "conflagration," both of which are
multiple fire phenomena in that a large number of fuel
elements are burning simultaneously.

Firestorms occur when there are many ignitions over
a wide area such as might be caused by a nuclear blast.

It is thought that under certain unstable meteorological
conditions these fires will quickly coalesce into a single
fire, burning intensely over a large area. A large con-
vective column develops and rises almost vertically to con-
siderable heights. The wind created by the air moving toward
the center of the fire assumes gale-like proportions. This
fire is characterized by its stationary behavior and com-
plete destruction within the fire perimeter. The lack of
spread is probably due to the strong indrafts; furthermore,
firestorms appear to develop most readily under light wind
conditions. Some examples of firestorms are the destructive
fires which resulted after the attacks on the cities of

Hamburg and Hiroshima in World War II.
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The conflagration is a multiple fire which has a
pillar of hot gases which slant considerably leeward as
a result of prevailing winds. The chief characteristic of
the conflagration is the presence of a fire front, which
is an extended wall of fire moving leeward. Conflagra-
tions sometimes occur in forest fires and have also oc-
curred in city fires.

When the fuel sources of a multiple fire array are
distant from each other, the fire from each source can be
considered as a single flame and analyzed as such. As the
distance between each source is reduced, the flames will
start to influence one another. This condition will be
termed "interacting" fires. As the spacing is reduced
still further, each flame starts touching the adjacent ones.
This condition is termed the onset of "merging." Further
reductions in spacing increase the degree of merging, until
the flames are combined into a single column of fire. They
are then considered to be fully merged.

Most of the previous multiple fire studies have
used small fires from gaseous fuels. Gas fires were used
since their rate of fuel consumption is always fixed by
the investigator. This control allows the use of widely
varying fuel rates and fires ranging from small pilot
flames to large jet flames; however, gas fuels also have
a disadvantage in that there is no natural burning rate

for gaseous fuels. In these previous studies, a great
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deal of emphasis has been placed on the study of flame
heights, particularly at the onset of merging.

Only very preliminary attempts have been made to
study the merging of flames from liquid fuels. The degree
of merging of liquid fuels, as well as solid fuels, in-
fluences the rate of heat feedback to the fuel source and
therefore the rate of burning. The burning rate in turn
affects the flame height and hence the degree of merging.
The change in burning rate, and therefore the change in
the size of the fire column of the array, also has a large
affect on the rate of heat given off to the surroundings.
The problem is complex, and little is known of the heat
feedback mechanisms involved. By the use of gaseous fuels in
the previous merging studies, flames could be analyzed in
which heat flux back to the fuel would not be important in
controlling the fuel flow rate. Such things as flame
height could then be investigated without having to worry
about the heat feedback problem. Since so little is known
about the interaction and merging of separate fires, the
present investigation was conducted under calm atmospheric
conditions, without the additional complicating factor of
an external wind source.

The present studies were made to obtain experimental
data on the interaction and merging of flames from various
liquid fuels in several spatial configurations. Since the

burning rate of the liquid fuels is closely associated with
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heat feedback, emphasis was placed on studying the burning
rate and radiation flux to the fuel and surroundings. The
objective was to correlate the burning rate data in such
a manner that it could be used to predict the behavior of
multiple fires in situations involving other liquid fuels
and other numbers and arrangements of fuel sources. As
will be seen, the rate of heat given off to the surroundings
is greatly enhanced by the merging of separate fires, increas-
ing the capacity of destruction to the immediate surroundings

by a given quantity of fuel.

~



CHAPTER II

REVIEW OF PREVIOUS WORK

Although much fire research has been reported in
the literature, the vast majority of this work has been
concerned with single fires. The whole gquestion of the
interaction between two or more fires is nearly untouched.

In the following pages, some of the previous studies
made on the more basic aspects of the single fire and of the
interaction and merging effects of multiple fires are dis-
cussed. Only the single fire studies which are most directly
related to the present investigation of flame merging are
included, whereas essentially all of the previous fire

merging studies reported in the literature are reviewed.

Studies of Single Fires

Small laminar flames, both of premixed and diffusion
types, have been the subject of a large number of studies.
Single turbulent fires from solid, liquid, and gaseous fuels
have also been frequently investigated. Because of the com-
plexity of the flow processes within the flame and surround-
ings, the freely burning turbulent flames have been analyzed

in almost every case in terms of the gross properties of the

flame.
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In 1957 Blinov and Khudiakov (4) published the
results of their work on burning pools of liquid fuels.
Containers ranging from 3.7 mm to 22.9 meters in dia-
meter were used. The fuels used were gasoline, tractor
kerosene, diesel oil, and solar oil, all of which are
mixtures of hydrocarbons.

In a review of Blinov and Khudiakov's paper (4),
Hottel (12) showed that the behavior of the liquid-fuel
fires could be explained qualitatively by considering the
various heat transfer mechanisms which predominate in the
laminar, transition, and turbulent burning regimes. Blinov
and Khudiakov's data were plotted as burning rate per unit
fuel surface area against burner diameter. For burners
less than 3 cm in diameter the burning rate was seen to
decrease as the diameter was increased. At these small
diameters, the flames could be considered to be laminar.
With further increases in burner diameter the burning rate
changed slope and increased rapidly as flame turbulence
began. At a pan diameter of about 1 meter, the burning
rate leveled off with a fully turbulent flame being ob-~
tained. Further diameter increases showed essentially no
effect on the burning rate. The ratio of flame height to
burner diameter was seen to decrease as the diameter wasm
increased. When the turbulent burning regime was reached,

the flame height to burner diameter ratio leveled off.
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The burning rate depends on the vaporization rate,
which in turn is dependent on the rate of heat feedback
from flame to fuel. Hottel showed that the vaporizaticn
rate per unit of fuel surface area would be proportional
to the heat transfer rate to the fuel. He assumed that
this heat transfer would be the sum of components due to
conduction through the pan rim, and convection and radia-
tion heat transfer to the fuel surface. The relation was

expressed as

g ) 4K(T£ - Ty) I oF(Tftl _ b4) (1- e D)
7D"/4
(1)
where q = heat transfer rate to the fuel
K = conduction coefficient
U = convection coefficient
D = burner diameter
Tf = absolute flame temperature
Tb = absolute fuel temperature
o = Stefan-Boltzman constant
F = view factor
® = Beer's law extinction coefficient to allow

for increasing opacity with thickness.
It is seen from the equation that at small diameters the
conduction term will be dominant. Atlarge diameters, the

conduction term will become insignificant, and the convec-

tive term will be constant. The radiative term will be
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dominant at large diameters due to the flame thickness.
This behavior is reflected in the equation by the xD term
becoming large. The burning rate will therefore be con-
stant at large burner diameters. At intermediate diam-
eters, the radiative term will be low due to the thinness
of the flame, but the pan will be too large for conduc-
tion to be significant. The burning rate would therefore
be at a minimum in this intermediate region.

The burning velocity of n-hexane and cyclohexane
was studied by Fons (l1l) using pans ranging from 0.22 to
11,94 inches in diameter. The pan was provided with a
water jacket to prevent heat conduction down the burner
wall to the fuel.. The pan was kept nearly full with a
constant fuel level. The fuel temperatures were measured
at two depths below the surface for the larger pans. The
burning velocity of cyclohexane was plotted as a function
of burner diameter and the slope was seen to be generally
similar to the curves plotted by Hottel (12) from the data
of Blinov and Khudiakov (4).

In furthering the study of the effect of pan diam-
eter on burning rate, Emmons (10) burned methanol and ace-
tone in shallow burners which were embedded in insulation
up to their rims so that they were flush with the top of the
table. The pans ranged from % to 10 inches in diameter.
He found that the burning rate continued to drop as the

size of the pans decreased. His data did not agree with
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that of Blinov and Khudiakov for the smaller pan sizes,
although the two sets of data did agree for pans having
diameters from 4 to 10 inches. By placing his pans on
top of the table and exposing the rims, Emmons more nearly
matched the data of Blinov and Khudiakov. A four-step
heat transfer mechanism, taking the place of the simple
conduction term assumed by Hottel (12), was postulated.

In this mechanism, heat was first transferred from the
flame to the table top by radiation, followed by convec~
tive heat transfer from the table top to the inducted air,
convection transfer from inducted air to the pan rim, and
finally conduction through the pan rim to the fuel. Heat
was also transferred directly from flame to fuel by con-
vection and radiation. The pans were blackened to note
the effect of radiation to the pan bottom. It was found
that the burning rate increased slightly for acetone when
the shallow (% inch deep) pans were blackened. No effect
was noted in the burning rate when methanol was burned in
a blackened pan. The pan temperature during the acetone
tests was measured by means of a thermocouple placed on
the underside, center, bottom of the pan. The pan tem~
perature was found to be well above the fuel boiling
point during much of the burning time. Since the walls
of the burner were surrounded by insulation, the high

pan temperature indicated (in agreement with the blackened

pan studies) that radiation direct to the pan bottom with
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subsequent heat transfer to the liquid has the effect
of increasing the burning rate somewhat (at least for
shallow pans), when fuels which burn with luminous flames,
such as acetone, are used. It might be noted that the
burning tests of Emmons were at unsteady-state conditions
since the burning rate was measured by igniting the fuel
and noting the time elapsed until the fire burned out.

Rasbash, Rogowski, and Stark (17) burned several
liquid fuels in'a 30-cm diameter burner having an exposed
rim. Alcohol, petrol, benzol, and kerosene were used as
the fuels. Measurements were made, under steady state con-
ditions, of the burning rate and temperature at several
points below the fuel surface. They also measured flame
shape and size, flame emissivity, and the upward velocity
of the flame tip. Temperatures of the flames were taken
using an optical pyrometer. From photographs the main
part of the flames was seen to have the shape of a cylin-
drical column whose diameter was slightly less than that
of the burner. They found that for petrol, benzol, and
kerosene, the radiation was the dominant heat feedback
mechanism, whereas convection was dominant for the alcohol
fires.

In several articles, Burgess, et _al. (5, 6, 8, 30)
have reported their studies of the burning rates of liquid
fuels. They extended the work of Blinov and Khudiakov by

burning such fuels as butane, normal hexane, benzene,
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methanol, and liquid hydrogen. These fires were burned
outdoors under calm atmospheric conditions in pans rang-
ing from 7 to 240 cm in diameter and 8 cm in depth. As
in Hottel's (12) semiquantitative analysis of Blinov and
Khudiakov's work, the radiative heat feedback to the fuel
was considered to be dominant. Based on Hottel's expres-
sion for the radiative portion of heat feedback to the

fuel, aF(Tf4

- Tb4)(l—e-xD), curves of liquid regression
rate versus pan diameter were calculated and compared
with experimental regression rate data for the larger
burner sizes. The curves, which represented evaporation
rates due exclusively to radiative heat transfer, were

generally in good agreement with the data. These curves

represent the empirical expression

v = v, (1-e7¥D) (2)

where v ligquid level regression rate

Ve = liquid level regression rate for large pan
diameters

k = a constant

D = pan diameter

The data were extrapolated to large pan diameters, and it
was noted that the burning rates at large diameters were
inversély proportional to AHV/AHc where AH is the effec~

tive heat of vaporization (that is, the heat of vaporization
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at the boiling point plus the integrated heat capacity of
the fuel from ambient temperature to the boiling point) and
AH_ is the heat of combustion. This ratio of AHV/AHc is
the fraction of the flame's heat that must be fed back to
the fuel to maintain a steady rate of vaporization. The

empirical correlation of burning velocity data had the form

v, =0.0076 (4H_/8H ) cm/min (3)
The radiant heat flux to the surroundings was measured, and
found to be about 20 to 40 per cent of the heat of combus-
tion. It was noted that the base of the flames of butane
and benzene were particularly inclined to spread over a
larger area than the fuel tray. This spreading was attri-
buted to the density of the fuel vapors at the fuel boiling
point being greater t'an the density of the surrounding air.
Spalding (20) attempted to show by means of convec-
tion theory that the dominant mechanism of heat feedback for
large fires might well be convection rather than radiation.
Using his earlier developed convection theory (19), he
showed that burning rates of the same order of magnitude
as those predicted by Equation 3 could be obtained. He
stated that his earlier convection theory, when modified
to take account of turbulence, predicted that the burning
rate of liquid-fueled fires will be independent of tray

diameter for large diameter fires.
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In answer to Spalding, Burgess and Grumer (7)
pointed out that flames above large liquid pools con-
form to the flame shapes reported by Rasbash, et al. (17),
that is, there is a thick vapor zone between the luminous
zone and the liquid surface. They also stated that the
vapors immediately above the liquid are not necessarily
very hot, and that in some cases there is no sharp dis-
continuity of temperature at the liquid surface. Under
windless conditions, they had observed the sides of the
flames in proximity to the fuel surface to be smooth and
steady, thus making convection transfer less important.

In a study of fire involving liquid storage tanks,
Magnus (14) investigated the behavior of gasoline and
ethanol fires. He burned these fuels in tanks ranging
from 12 cm to 120 cm in diameter and from 16 cm to 160
cm in height. The burning rate of the fuel and the tem-
perature profile in the flame and convection column were
measured under essentially calm conditions. He found
that the burning rate per unit area increased with in-
creasing diameter. He also investigated the effect of
freeboard height (height of burner rim above the fuel sur-
face) on the burning rate. The effect of the freeboard
height on burning rate was found to be a complex function,
depending on the test tank height to diameter ratio and
fuel composition, as well as freeboard height. It was

found that an increase in freeboard height caused the
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burning rate and maximum flame temperature to decrease.
The effect for the two fuels was such that at low free-
board heights, the ethanol burned more slowly than gaso-
line, but at freeboard heights greater than one-half the
tank diameter, the burning rate for gasoline had decreased
to a greater extent than the burning rate for ethanol so
that ethanol burned more rapidly than gasoline. The tem-
perature maximum in the flame was found to remain at
almost a constant distance above the liquid surface, this
distance being influenced by the tank shape.

Akita and Yumoto (1) measured burning rates of
methanol in single burners and in concentric burners hav-
ing three compartments. The single burners ranged from 1
to 60 cm diameter, and the concentric burners from 10 to
30 cm diameter. By use of empirical, local heat transfer
coefficients, burning rates predicted by Hottel's (12)
theory were compared with their data, showing that Hottel's
theory apparently could be applied not only to the turbu-
lent luminous combustion of liquid fuel, but also to non-
luminous combustion under conditions of laminar flow. It
was assumed that for methanol the radiation terms in Hottel's
theory would be small compared with conduction and convec-
tion. It was found that the burning rate for methanol was
much greater at the burner rim than at the center, par-
ticularly for small burners with laminar burning. This

result would be expected, since radiation heat: feedback
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to the fuel would not be dominant, and conduction is
limited to the burner rim. As shown by their treatment
of Hottel's theory, the convection heat feedback in the
small pools would decrease with distance from the burner
edge.

Thomas, Webster, and Raftery (24) derived a re-
lation between the height, L, of a Eurbulént, buoyancy-
controlled diffusion flame, the linear dimension of the
orifice, D, and the volumetric flow rate of fuel through
the orifice, Q, using dimensional analysis. The relation

for a particular fuel system was found to be

L/D = £ (Q2/gD°) (4)

where g is the acceleration due to gravity. In this study
the supply rate of fuel is considere; to be independent of
the heat feedback to the fuel. It was also noted that
when buoyancy was important, the mean velocity of the
flame gases increased rapidly with height, and turbulence
could be induced at a small fraction of the total flame
height even if the Reynolds number based on conditions of
the emerging fuel showed this flow to be laminar. Single
wood cribs with square horizontal bases were burned in
still air. The burning rate was determined, and the flame

heights from the turbulent fires were measured photo-

graphically. Since the whole crib was ignited*at once,
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these tests were unsteady state fires, the data being
taken during a period when the burning rate was at a
maximum value. The data were plotted as L/D vs sz/DS,
where p was an assumed value of the density of the wood
volatiles. The results were seen to conform to the de-
rived correlation over the experimental range.

Thomas (25) extended the work of Reference (24).
The gquantity Qz/gD5 was presented‘experimentally as
m“/pd/ED, where m" is the mass flow rate of fuel per
unit area and Pa is the density of the surrounding air.
The relation obtained by plotting his data for wood cribs
was

.

. 0.61
L/D = 42 (oaﬁﬁ (5)
for fires burning under calm conditions from nearly radi-
ally symmetrical fuel beds. He also used the same dimen-
sionless relationship between flame height, burning rate,
and burner dimension to correlate data obtained by other
investigators for liquid and gaseous fuel fires, and for

large scale wood fires. The data covered a range of L/D
o from 107> to
Pg’ 9V

from about 0.01 to 100 and a range of
100.

Thomas, Baldwin, and Heselden (26) measured the
flow to air into flames with thistledown used as a tracer.

Circular fires, 91 cm in diameter, were studied using
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both wood and ethyl alcohol as fuels., A smaller 30 cm
square town-gas fire was also used in the studies. From
the data it was seen that the air flow toward the flame
was considerably in excess of both the stoichiometric
requirement and the flow predicted from entrainment theory.
A considerable part of the air flow did not enter the flame
zone, but was dragged upwards outside the flame. The mean
concentration of oxygen on the flame axis was measured.
An appreciable amount of oxygen was present quite low in
the flames, suggesting that even low in the flame, air
penetrates to the flame center in some of the large tur-
bulent fluctuations. The heat transfer back towards the
fuel surface was also measured. Convection was found to
be small in comparison with radiation as a heat-feedback
mechanism at the center of the liquid fuel burner, with
the convective contribution increasing somewhat nearer
to the burner rim. This result is in accordance with
Hottel (12), and Burgess, et al. (5), that radiation
transfer is the predominant mechanism controlling the
burning rate of large liquid fires.

In his studies of the effect of wind on uncon-
trolled buoyant diffusion flames from burning liquids,
Welker (28) noted a trailing effect of the flame downwind
from the fuel burner. This trailing effect apparently
had not been noted in previous literature although Zabetakis

and Burgess (30) had noticed that flames from some fuels
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burning in still air would slip off the burner edges due to
slight wind movements. The reason for the trailing effect
seems to be that the density of the fuel vapor at the fuel
boiling point is higher than that of the surrounding air,
and therefore tends to descend until it has been heated.
This flame trailing has not been reported for fires from
solids or for gas fires. For fires from solids, pyrolysis
must occur in order for vapors to be present and support
a flame. This pyrolysis occurs at temperatures which are
sufficiently high that the densities of the vapors are less
than that of the surrounding air. For gas fires, the fuel
usually consists largely of methane, the density of which

is less than that of the surrounding air.

Studies of Multiple Fires

The multiple fire problem is very complex; theoreti-
cal analyses in the few studies made of multiple fires have
been based on simple models. Much of the previous work has
been concerned with the multiple fire only at the point where
the individual fires just begin to coalesce to form a larger
single fire. In these previous studies, gaseous fuels have
been used most frequently, since the burning rate can be
controlled for a gaseous fuel. The burning rate can then
be considered independent of the heat feedback from flame
to fuel, thereby considerably simplifying the problem.

Putnam and Speich (16) reported the preliminary

findings of a study to establish modeling laws for partially
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and fully-merged flames using gaseous fuels. Gaseous fuel
was used since the flow rate could be controlled by the
investigator and would be an independent variable in the
establishment of modeling laws. Efforts were made to deter-
mine flow conditions and nozzle diameters which produce
single turbulent, buoyancy-controlled flames. A range of
flow rates and nozzle diameters was found so that the
Reynolds number would be large enough for turbulent flow
yet the Froude number would be small enough that the flame
would be buoyancy controlled. Data for flames from differ-
ent arrays of multiple jets were preseﬁted and analyzed by
considering the total flame source either as a series of
point sources of fuel or on an area basis. For a single

flame, Putnam and Speich arrived at the eguation

0 2 \1/5
L/d, = K Q z (6)
gd,
or
L = K’ Qoz/5 (7)

where L

flame height

K, X' = constants
Qo = volumetric flow rate of the injected fuel
g = gravitational acceleration
d_ = nozzle diameter.
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For both the single and multiple flames considered, the
ratio of flame height to nozzle diameter was first assumed
to be large (point source), so the nozzle diameter could be
eliminated from the correlations. For multiple fires con-
sidered as point sources (small do), Putnam and Speich

correlated flame lengths as

S

L'/L* = function [source shape factor, n, —=—
Q,"/9)

1/5

where L' = multiple fire height

L* = single fire height
n = number of jets
S = spacing between jets.

When the data for several source arrays and numbers of jets
were plotted as a flame height function versus a spacing

function, or

L' /-1
———— versus ———
n2/5.1 (Q02/9)1/5

the flame height function was found to increase as the
spacing function was decreased. This effect was considered
to be caused by mutual entrainment. No consistent effect
of jet number or source shape was noticed for the experi-
mental data. At a value of spacing function of about 2,

there was a rapid increase in the flame height function.



23

This increase was said to indicate that the jet flames
changed abruptly from acting as single jet flames to
acting as a mass fire. Treating the total flame source
on an area basis, a correlation was obtained by plotting
L/D vs dygDs where g is the total flow rate. The prin-
cipal dimension D was the side of an approximately square
array.

Later, Putman and Speich (15) pursued further their
study of multiple flames of various array patterns. It
was assumed that the individual jets could be considered
point sources. They attempted to show that flame arrays
characterized by small ratios of flame height to overall
diameter act as a line fire in which only one side is ex-
posed to induced air. Putman (16) previously had déveloped
the relation for a point source flame showing that the
flame height is proportional to the flow rate to the 2/5
power. The data for arrays of various shapes and numbers of
jets were plotted as L/D* vs q2/5/gl/5D? where L is the
array flame height, D* is an equivalent diameter of the
array, g is gravitational acceleration, and q is the total
flow rate. The theoretical curves for a single poiht source
and that of a line fire exposed to induced air on only one
side were also plotted. An attempt was made to show by
correspondence between data and theory that there was a
close relation between line fires and area fires treated

as if their perimeters were one-sided line fires.
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Thomas, et al. (26) also studied the flame heights
of merging fires. They were interested in the flame heights
at the onset of merging, which they defined as being the
point at which the flame tips are just touching. Only gaseous
fuel was used so that the burning rate could be considered as
being independent of the heat feedback to the fuel. A highly
simplified theory was developed which considered entrain-
ment and the motion of the flames. An expression for the
flame height at the onset of merging of two rectilinear fuel
burners was derived. It was noted that a column of hot
rising gases entrains air from its surroundings, so that
when one flame is placed in the neighborhood of another,
the resulting restriction of the air flow causes a pres-
sure drop in the space between the two. This pressure
drop causes air flow toward the low pressure space, which
in turn causes the flames to be deflected from the verti-
cal. For buoyancy-controlled flames, the only forces
acting on the flames would be a buoyancy force upward, and
a resultant pressure thrust acting normal to the flame
axis. The components of these forces normal to the flame
axis were then equated. Thomas (25) assumed that the in-
ward momentum of the entrained air is proportional to the
local upward momentum. An expression for the upward
velocity in the flame was given in terms of the height

of the flame tip and its temperature as
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w =

\1/2
X (.29 O, 2 (9)
\ T
o}

Theé entrainment velocity could then be expressed as

vV = (10)

2gf€%l L 1/2
K\ —5,
( £1

]

where g acceleration due to gravity
K, K' = constants

I = flame height

Tfl = flame temperature
To = ambient temperature
V = mean entrainment velocity
W = mean upward flame tip velocity
Z = height
efl = flame temperature rise

Using this expfession for the entrainment velocity and
Bernoulli's equation, an expression was derived for the
merging flame height in terms of the burner dimensions
and the.separation distance between the burners. This ex-

pression is

=9

S
DW2

3 1/2
L . .
L ....) (11)

where L flame height

n
it

separation between fuel beds

o
i

tray diameter
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W = length of long side of fuel bed
The authors noted that only approximate results could be
expected from the above-mentioned expression for entrain-
ment velocity used in the derivation. The data of Thomas,
et al. (26) had shown the air flow toward the flame to be
considerably in excess of that predicted by the entrainment
theory. The flame merging data were taken using town gas
in burners 60 x 30 cm and 30 x 30 cm arranged horizontally
in pairs. There was only fair agreement between the data
and theory.

These simplified flame merging calculations were
later extended by Baldwin (3) in an attempt to predict the
critical condition at which merging occurs in more complex
situations. An expression for flame height of the array
at the onset of merging was derived by considering a sdguare
array of n2 fires arrayed in concentric rings. It was
assumed that each of the fires in the array entrained air
at the same rate; hence no account was taken of the varia-
tions of flame height from ring to ring nor of the varia-
tion of burning rate. Proceeding in the same manner as
in Reference 26, the equation for the flame height was
obtained in terms of separation distance and array dimen-
sions. The authors presented no new data other than a
few of the fires reported by Waterman (27). They observed
that since there was very little experimental data on flame
merging, the presented calculations could only be regarded

as tentative.
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Measurements by Strasser and Grumer (23) of static
pressures between proximate wood fires showed pressure
depressions on the order of 0.001 to 0.002 cm water below
atmospheric pressure. A curve of pressure between the
proximate fires versus time was seen to lag behind the
curve of burning rate versus time because of time-dependent
heating effects.

Waterman, et al. (27) analyzed the merging of free-
burning fires. Preliminary tests were conducted with liquid
fuel fires. Both laboratory and large-scale field tests
were used. Wood cribs were used for the main experiments
since the liquid fires were found to be very sensitive to
any air motion. This difficulty was not encountered with
the cribs. For the preliminary liquid fuel tests a single
burner, 30 inches square, was used. A stable flame column
could not be obtained due to sideward movement of the
flame. In many cases fuel vapors moved horizontally across
the floor for some distance before igniting, resulting in a
disturbance to the main flame. Since part of the difficulty
was thought to be due to uneven heating of the fuel, special
fuel beds were designed containing ceramic beads which pro-
truded above the liquid surface to help even out the heating.
Although the flame was made a little more stable, the
arrangement was still considered to be unsatisfactory.

Tests with groups of burners of large dimensions were then

‘onducted outdoors with No. 2 fuel oil being used as fuel.
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These merging tests were not satisfactory due to wind
effects. The experiments using wood cribs involved single
crib fires, and multiple crib fires from as many as six-
teen, 3 x 3 ft cribs. The dimensions per crib ranged from
2 x 2 to 6 x 6 feet. The multiple crib fires were conducted
indoors with the cribs being set on fire so that all of
them reached a fully involved state simultaneously. The
tests indicated that the spacing at which merging occurs
and the magnitude of the burning rate at this spacing are
governed by the burning rate of a single crib and the total
number of such fires. As the distance between individual
cribs was increased, the total burning rate increased until
a transition from a merged to non-merged fire occurred.
This transition was accompanied by a sudden drop in burn-
ing rate. From the data obtained, a scaling law for merg-

ing was formulated as:

distance between cribs
crib dimensions

= 0.069 (n Rs)0'4 (12)
peak

where n number of cribs

R
s

burning rate of a single crib, 1lb/min

The burning rate at the transition, Rpeak' was given as

Rpeak = 1.56 (n Rs) (13)

Rios (18) studied the effects of wind on the flames

from two proximate wood cribs. When burning in still air,
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the two fires were observed to lean toward each other when
the cribs were placed close together. As an external wind
was applied to the closely spaced fires, the upwind fire
was tilted from the vertical to a greater extent than was
the downwind fire, showing that the upwind fire tends to
exert a blocking effect on the air reaching the downwind fire.
Rios found that the burning rates, length of flames, and
propagation rates for the proximate fires could be cor-
related in terms of the depth of the flaming zone, irres-
pective of wind velocity and crib spacing.

The production of multiple fires on a large scale
for purposes of investigation is extremely expensive.
Only a very few large-scale field tests have been con-
ducted. A large amount of data have been gathered from
these tests, but little attempt has been made to correlate
these data.

Countryman (9) described large~scale experiments
in which multiple-pile plots of forestry fuels were burned.
Plots of up to 2,200,000 square feet were used. Some
measurements were made of the air flow into the fires,
and the pressure within the burning plots was recorded.
Temperatures in the fires and concentration of oxygen and
noxious gases were also measured.

A preliminary analysis of data from other large-scale
experiments was given by Western (29). 1In these experi-

ments multiple piles of forestry fuels up to 1,620,000
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square feet were burned. Temperatures, thermal radiation,
toxic gas concentrations, and weight loss rates were
briefly examined.

As can be seen from the previous pages, the amount
of analysis and experimental work available on multiple
fires is very limited. Most of these previous results have
been based on data taken from multiple fires of gaseous or

solid fuels, with liquid fuels being largely neglected.

Modeling and Dimensional Analysis

Since is is generally impractical to make full-
scale fire studies, it has been the usual practice to use
models to correlate the data from model tests. Hottel (13)
discussed the general principles of similarity and modeling,
and reviewed three methods for establishing dimensionless
groups. The widely-used pi theorem defines a procedure
which is largely mechanical in nature. It often yields
dimensionless groups which are valid but are in an unfamiliar
form. It therefore tends to mask the physical significance.
Another approach is to formulate the equations applicable
to the problem and to manipulate them until dimensionless
groups appear. This procedure will work, but it requires
enough knowledge of the systems to write the equations,
which is not necessary in using other methods. The method
favored by Hottel is to take ratios of forces, mass rates,

and energy rates expected to enter the problem at hand.
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Hottel gave examples to show the method of applying these
ratios.

Spalding (21) discussed the art of partial modeling.
He noted that the strict requirements of similarity theory
are so numerous and restrictive that complete modeling of
combustion processes is practically impossible. For this
reason many model experimentyg have deliberately ignored
some of the similarity rules which should ordinarily be fol-
lowed. The author stated that experience has shown that in
many cases flouting certain of these rules does not cause
too large an inaccuracy in the result. Some of the more
notable examples of this partial modeling and the procedure

to be followed to obtain partial modeling are reviewed.



CHAPTER III

FACILITIES AND EQUIPMENT

The flame interaction and merging studies were car-
ried out at the Flame Dynamics Laboratory Low Speed Wind
Tunnel of the University of Oklahoma Research Institute.
This wind tunnel was originally designed and constructed
for the purpose of investigation of the effects of wind on
buoyant diffusion flames from burning liquids. The wind
tunnel facility consists mainly of a wind tunnel test
section, an observation and instrumentation room, and a
static test room. The present tests were conducted in
the static test room. A photograph of the facility is
given in Figure 1. and a layout diagram is given in Fig-

ure 2.

Static Test Room

The static tests room measure 20 x 20 x 16 feet
high. It is located at the end of the wind tunnel test
section. The static test room is designed to serve the
dual purpose of providing a large space for tests under
calm conditions, and serving as a surge chamber for tests
in the wind tunnel section. The building is constructed

32



Figure 1.

Flame Wind Tunnel.
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Figure 2.

Layout of the Flame Wind Tunnel.
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of concrete blocks with a concrete floor. No combus-
tible materials of construction are used in areas near
the test sections. For the testing of fires under calm
conditions, a large hood, which extends down to a level
about 8 feet from the floor, is suspended from the ceil-
ing of the static test room. The purpose of this hood
is to aid in collecting and venting smoke and soot. The
combustion products are exhausted through a vent mounted
on the roof. Spring-loaded shutters are provided in the
walls of the vent, and a metal roof covers the top of
the vent. The shutters allow combustion products to pass
out, but they are closed by prevailing outside wind,
thus preventing smoke from being blown back into the test
room. A %-HP constant speed fan is installed in one side
of the vent in order to help exhaust smoke and fumes from
the room.

The observation and instrumentation room meas-
ures 12 x 20 feet, is about 10 feet high, and connects
directly to the static test room. For the purpose of
observing the fires in the static test room, a glass
panel was installed in the upper portion of the door
leading from the observation room to the static test
room.

An opening through the common wall between the

observation room and the wind tunnel section is provided
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with a small sliding glass door. This opening has
dimensions of 16 by 32 inches and is about 5 feet above
the observation room floor. A camera was positioned in
the wind tunnel test section just below the sliding door,
and just inside the wind tunnel test section as shown

in Figure 2. The opening permitted access to the camera
during a test. The camera arrangement is described in
aore detail later.,

The fuel storage area is located outside the
building on the opposite side of the wind tunnel section
from the observation room. It is isolated from fire
test areas and is surrounded by a high fence. Fuel is
stored in 54-gallon drums on a concrete pad. The gates
through;the fenpe are kept locked while they are not in

use.

Experimental Apparatus for Preliminary Studies

A number of preliminary tests were made before the
final burning table was designed. The burners for these
preliminary studies were placed on top of a flat surface
during the tests; these burners were therefore "exposed
rim" burners, in contrast to the "rimless" burners used
for the main body of tests. The preliminary tests were
unsteady state since the fuel burners were filled with
a fixed amount of fuel, ignited, and allowed to burn

until all the fuel was consumed.
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The first series of preliminary tests was conducted
using very small circular burners. The sizes used ranged
from 1% to 2 9/16 inches in diameter. These burners were
actually film cans and soup cans, the tops of which had
been cut off to obtain containers one inch deep. The burn-
ing platform on which these burners were placed was light
weight and was covered with asbestos paper. The platform
surface was provided with markings for burner locations.
This platform was attached to the end of a lever arm of
adjustable length. The lever arm was connected to a
Baldwin SR-4 Torque Pickup. Weights were hung at both
ends of the lever arm so that the burning platform-was
balanced at the desired height. As the fuel in the cans
was burned the burning p;atform was lightened and rose.
This movement was transmitted through the counterbalanced
lever arm to the shaft of the Torque Pickup. The signal
from this Pickup was then recorded on a Bristol Dynamaster
recorder. The lever arm was adjusted to give a full scale
recorder deflection with only 10 ounces of fuel on the
burning platform. This setup was reasonably satisfactory
for measuring the burning rate of these very small unsteady
state fires. The apparatus, however, was found to be
unsuitable for measurement of flame lengths and radiation
flux from the flame array to the surroundings due to the
large amount of vertical movement which accompanied the

burning process.
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For the next series of preliminary tests, a
weight-measuring apparatus was constructed which elimin-
ated the problems caused by large vertical movement of
the burning platform. 1In this second series of prelim-
inary tests, circular burners of 4 3/16~inch diameter and
square burners 3 inches in width were used. All of these
burners had a depth of one inch. The tests were again
for unsteady state burﬁing, with only enough fuel being
used to fill the burners initially flush full. The burn-
ing table, shown in Figure 3, had a circular, asbestos-
insulated top, 64 inches in diameter. This platform
was supported on three flexible beams equipped with strain
gages. As burning proceeded during a test, the load on
the strain gages decreased and the resulting change
in resistance was reflected in the circuitry as a change
in potential. This potential change was recorded on
one channel of a 2-pen Honeywell recording potentio-
meter. The resulting strip chart record was used to cal-
culate the burning rate. This weight measuring system
was calibrated by placing standard weights on the burn-
ing platform and noting the recorder pen deflection. The
radiation from the flame array to the surroundings was
measured with a radiometer whose output was recorded on
the second channel of the 2-pen recorder. This radio-

meter is described in more detail later. The height of
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Figure 3. Flame Merging Test Apparatus for Exposed-
Rim Burners.
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the flames was measured using a Speed Graphic press
camera containing a Polaroid film holder which used

4 x 5 Polaroid film packs.

Burning Table and Fuel Burners

For the main group of tests in the flame inter-
action and merging studies, it was desired to have
steady state burning in burners of rimless design. The
burners could be considered essentially rimless since
they were embedded in insulation up to their rims. A
new burning table, as shown in Figure 4, was constructed,
and was made large enough to permit interaction-free
burning as a limiting case. A nine-burner pattern was
used for most of the tests with one burner positioned in
the center of the pattern and eight burners placed sym-
metrically around the perimeter. In addition, a pattern
was employed in which four burners would be placed be-
tween the eight peripheral burners and the center burner.
Figure 5 shows a plan view of each of these burner place-
ment patterns. The top of the table was made octagonal
in shape. It measured ten feet between opposite sides
and was 24 inches above the floor of the static test room.
The framework of the table was constructed of slotted
angle steel. Rails of angle steel on which the burners
were to rest extended from the eight vertices to the center

of the table top. The burners could then be placed on



Figure 4.

Flame Merging Burning Table for Rimless
Burners.
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these rails at any desired distance from the center of
the table. The burning table was positioned at the cen-
ter of the static test room.

The entire top of the table framework was covered
with 2-inch thick insulation. In order to change the
position of the burners while keeping their rims flush
with the table top, the insulation was made into fitted
blocks of appropriate sizes and shapes. By inserting or
removing the blocks around the fuel burners, the burner
position could be easily changed. In the center portion
of the table and along the burner rails, this insulation
consisted of several layers of glass fiber mat covered
with %-inch thick asbestos millboard. These layers were
held together with pins having small hooks in the top to
facilitate the removal of blocks from the table top. To
retard deterioration, the asbestos millboard in the im-
mediate vicinity of the burners was painted with a high
temperature coating cement. 1In the triangular-shaped
areas between the burner rails where there would be no
direct flame contact, the glass fiber mats were covered
with a heavy grade of asbestos cloth instead of millboard
to conserve millboard and to provide easier access to the
center of the table. The large insulation sections which
were covered with asbestos cloth were light enough to be
removed easily, allowing accessibility to the table center.

The height of the insulation blocks was such that when
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the blocks were placed on the steel framework, a continu-
ous, level surface was formed over the entire table for
any desired burner position, with the burners being re-
cessed into this surface. As a safety measure, sandbags
were placed on the static test room floor completely
around the perimeter of the burning table. In the event
of a large spillage of burning fuel from the burners, the
fire would be contained under the table and could not
spread over the test room.

As the tests proceeded, it was found that a slight
modification of the center portion of the burning table
was necessary in some cases. For fuels such as n-hexane,
cyclohexane, and benzene, the density of the fuel vapors
is heavier than that of the surrounding air at the tem~
perature of vaporization of the fuel. At small separa-
tion distances for which the flames were merging, a small
blanket of unburned fuel vapor would cover the center
portion of the burning array during a test. It was noted
that in the area around the burners the heavy vapor from
these fuels often seeped down into the cracks where the
insulation blocks fitted together. The vapor was then
absorbed into the glass fiber mats and would ignite. This
vapor seepage problem was thought to be the cause of an
accidental fire that occurred under the table during one
of the tests. This fire will be elaborated upon later.

To prevent the fuel vapor from getting into the insulation
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and under the table, a large sheet of %-inch thick
asbestos millboard was fitted into the center of the
burning table. This sheet was necessary only for the
smaller burner separation distances. Since close-
fitting holes for the burners were cut out of the mill-
board sheet, it was necessary to use a different sheet
for each burner size and separation distance. By using
a large single sheet of millboard, there were no small
breaks in the surface around the burners, and vapor could
no longer collect in the lower layers of insulation and
under the table.

Circular fuel burners having diameters of 2, 4
and 6 inches were used in the tests. Each burner was
made by welding a circular piece of %-inch steel plate
to a 2-inch long section of thin-walled steel pipe of
the appropriate diameter. The pipe was tapered to a
sharp edge at the top to minimize heat. conduction to the
fuel. The details of the construction of one of the
burners are shown in Figure 6. 1In order to conduct
tests with steady state burning, it was necessary to
maintain a constant liquid level in the burners through-
out an entire test. A 1/8~inch hole was drilled and
tapped in the center of the bottom plate of each burner
so that a fuel line could be connected to the burner.
This hole was small enough that when the fuel level was

dropped back into the fuel lines below the bottom of the
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pan, the fire would be snuffed out. The burners were made
two inches deep to allow for enough fuel thickness to ab-
sorb most of the radiative energy incident on the fuel sur-
face. When the burners were filled as nearly flush full
with fuel as possible, the radiant heating of the burner
bottom with subsequent conduction to the fuel would be
made negligible. Tests at the Bureau of Mines (6) indi-
cate that the two-inch fuel depth would be more than suf-
ficient to absorb all the back radiation.

As mentioned above, the burners were recessed
into the insulation so that their rims were flush with
the top of the table surface. Thus, heating of the bur-
ner walls with subsequent conduction to the fuel was
small enough to be considered negligible.

To study the effects of burner size and burner
array pattern on flame interaction and merging, nine~-
burner and thirteen~burner patterns, shown in Figure 5,
were chosen for the main body of tests. These par-
ticular patterns were chosen since they would provide
'a simple, symmetrical array, and would give flames
small enough to be studied in the static test room.

The nine-burner pattern was also used in the preliminary
tests. The preliminary tests had indicated that burners
smaller than 2 inches in diameter would probably not show
a significant amount of merging with the number of burners

to be used. Six-inch diameter burners were chosen for
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the largest size in the nine-burner pattern since fires
from these burners, after merging, are as large as can
be tolerated in the static test room. By using 4-inch
diameter burners, the results of the rimless burners
could be compared with the results of the exposed-rim
burners used in the preliminary tests. Furthermore,

in the thirteen-burner pattern only the 4-inch diameter
burners were used due to the limited size of the static

test room.

Fuel Delivery System

The fuel reservoirs used in the flame interaction
and merging tests were those employed by Welker (28) in
his flame bending studies. The fuel reservoir and delivery
system are shown schematically in Figure 7. The system is
basically a constant head siphon which uses the liquid
fuel in the delivery lines to provide a liquid seal be-
tween the burner and the fuel reservoir. The bottom end
of the breather tube is positioned at a level the same as
the desired fuel level in the burners. During the filling
of the burners, the fuel level rises until the liquid head
at the burner and at the end of the breather tube balance;
the fuel flow will then stop. The liquid level inside
the reservoir is under a slight wvacuum caused by the
removal of fuel. As fuel is burned, the level in the bur-

ner starts to drop. Air is then sucked in through the



49

{

l A

\e© Jl"r

I

FUEL RESERVOIR

'\ Lh{

e
L

N

|

- FUEL AND BREATHER
C==—=1 tyse AT SAME LEVEL

' !
I
YTV 0 vy (T

D

Figure 7 Schematic Diagram of Fuel Level Control
System



50

breather tube allowing the pressure to rise slightly, and
more fuel flows out until the liquid heads again balance.
When the fuel consumption rate is constant, accurate con-
trol can be easily established, and the fuel level is
accurately maintained without much attention. Since air
is being continuously sucked into the reservoir, no fumes
escape into the observation room where the reservoirs are
kept, which is desirable from the safety viewpoint.

In order to ensure accurate measurement of fuel
consumption over the wide range of fire sizes employed,
it was necessary to use several sizes of fuel reservoirs.
The four reservoirs which were used measured 2, 4, 6 and
10 inches in diameter. The details of construction of the
fuel reservoirs are shown in Figure 8. The four reser-
voirs were made from thin-walled aluminum tubing, and
the breather tubes were stainless steel. Fuel measure-
ment was made by noting the drop in liquid level in a
reservoir by means of a sight glass. The reservoir
sight glasses were covered by clear acrylic shields to
prevent accidental breakage. Each fuel reservoir was
calibrated leumetrically using water, and a linear
relationship between fuel level %p the sight glass and
volume of fuel was found for each resef;oir.v The fou;
reservoirs were hung on the wall of the observation room.
They were positioned so that the bottom of the reservoirs

would be slightly below the bottom of the burners on the
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burning table in the static test room. In this way the
breather tube of the reservoir was placed so that the
fuel level in the burners could be positioned at any
level in the burners, or could be kept in the fuel
lines slightly below the bottom of the burners.

The fuel reservoirs were connected to the burners
on the burning table by a combination of copper lines and
polyethylene tubing. These fuel lines were connected so
that each of the reservoirs would be completely independent
of all the other reservoirs and could be drained separately.

With this arrangement, the center burner was con-
nected to one reservoir, and the peripheral burners were
connected to another. The burning rate of the center bur-
ner could then be measured separately from the burning
rate of the peripheral burners. In the thirteen-burner
pattern, a third reservoir was used to measure the burning
rate of the four intermediate burners. Copper tubing ran
from the valve at the bottom of a reservoir through the
wall between the observation room and the static test room,
and underneath the burning table. This hard copper tub-
ing was of one-inch diameter for the two larger reservoirs
and of %-inch diameter for the two smaller reservoirs.

The end of the copper tubing under the table was con-
nected to a manifold. The manifold consisted of a solid
cylindrical block of aluminum in which eight holes had

been drilled and tapped around the perimeter. These holes
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were connected to a hole drilled and tapped up from the
base of the block. Polyethylene lines ran from the mani-
fold to the individual burners. The copper lines were
positioned so that both the reservoir and the copper
tubing leading to the manifold could be completely
drained by gravity flow to a drain valve located on the
outside of the building. The test fires could be
quickly extinguished by shutting off the valve ét the
bottom of the reservoir and then draining enough fuel
from the lines to empty the burners. All the valves used
were brass ball valves with teflon seals and paclking.

During a series of tests, the position of the
peripheral burners would range from near the burning-
table edge to the center of the table as separation dis-.
tances were varied. Since all of these peripheral
burners were to be connected to a single fuel reservoir,
flexible fuel lines were necessary to connect the mani-
fold to the individual burners. One-half inch poly-
ethylene tubing was chosen since it was sufficiently
flexible and would be little affected by the fuels which
were to be burned. The use of polyethylene would appear
to have a distinct disadvantage in view of its low melt-
ing temperature, yet the use of this tubing was found to
be generally satisfactory. Since the polyethylene lines
were only used underneath the burning table and the

table surface had a two-inch thick layer of insulation,
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the temperature under the table rose only slightly above
ambient temperature during the larger tests. 1In addition,
cool fuel was continuously flowing through these lines
as burning proceeded. The polyethylene lines were con-
nected to the bottoms of the individual burners by
means of 6-inch long galvanized pipe nipples.

Soft copper tubing was used for the center burner

connection in place of the polyethylene tubing since the
center burner was always in the same position.

The fuel was stored in 54 gallon drums in a
fenced-in area outside the building. For easy filling
of the fuel reservoirs, a copper line was run from the
storage area to a reversible, self-priming gear pump in
the observation room. Polyethylene tubing was used to
connect the—storage area end of the copper line to any
of the fuel barrels in this area. Another length of
polyethylene tubing, which was connected to the pump,
could be inserted into a fuel reservoir in the observa-
tion room. Fuel could therefore be pumped directly from
a storage barrel to a reserxrvoir. If only part of the
fuel in a reservoir was consumed during a test, the re-
maining fuel could be pumped back to its particular

storage barrel.

Instrumentation

The instrumentation of the flame interaction and

merging tests was - designed so that the data could be



55

taken and any movement of instruments in the test room
could be accomplished without having to enter the static
test room during a test. As far as possible, instruments
were used which provided a continuous recording of the
test variables, or at least a direct readout.

The burning rate was monitored by using an elec~
tric timer and noting the position of fuel in the reser-
voir sight glass at various times.

Two asymptotic radiometers were used to measure
flame radiation. This type of radiometer was discussed
briefly by Stempel and Rall (22). The instrument measures
a temperature difference over a finite thickness of mate-
rial which is 30 oriented that the heat will pass through
the desired path to ensure that the temperature difference
measured will be directly proportional to the incident
flux. The asymptotic radiometer consists basically of a
thin, blackened constantan foil suspended over a cavity
in the copper radiometer body. This foil is bonded to
the body at the periphery of the cavity. By attaching
a fine copper wire to the center of the foil, a differ-
ential thermocouple is formed with the hot and cold
junctions at the foil center and periphery, respectively.
The temperature difference between the center and peri-
phery of the foil is directly proportional to the inci-

dent flux over the surface of the foil.
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One of the radiometers was used  to measure the
radiation given off by the flame array to the surround-
ings. This radiometer had a range up.to 3 solar con-
stants (about 0.36 Btu/ftz-sac) with an output of 0 to
5 millivolts. For extended exposure to radiation, the
radiometer had provisions for water-cooling of the
radiometer body. The radiometer also had a window over
the receiver to prevent convective cooling effects at
the receiver foil. This window was made of optically
ground and polished gquartz. The use of quartz has a
slight disadvantage because it absorbs flame radiation
at longer wavelengths. The quartz window will not
transmit wavelengths longer than about 4 microns; there-
fore some of the infrared flame radiation is cut off.

The second radiometer was placed next to the
center burner, facing upward with the face flush with
the burning table surface. This instrument had a range
up to about 15 Btu/ftz—sec with an output of 0 to 10
millivolts. This radiometer was directly exposed to
the flame, and for long duration tests or high heat
fluxes it could be water cooled and gas purged. A
sapphire window was used in this higher-range radio-
meter. Sapphire is a somewhat better material for use
as a radiometer window in flame radiation measurements
than quartz, becuase it will transmit slightly longer

wavelengths (up to about 5 microns). Each of the two
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radiometers was conhected to one channel of a two-pen
Honeywell recording potentiometer. The output in milli-
volts was converted to the appropriate heat flux units
by means of a calibration curve which was provided with
each radiometer.

Measurements of the radiation flux from the entire
flame array to the surroundings were taken at various
distances from the center of the array. It was assumed
that the flame array would radiate symmetrically. Since
these readings were taken at steady state conditions, a
single radiometer would suffice by changing its position
several times during the test. To move the small-range
(up to 3 solar constants) radiometer to the desired posi-
tions, a V-shaped track was built, and a sled for holding
the radiometer was placed in this track. " The track was
ten feet long and positioned horizontally. The radio-
meter was placed so that the receiver face was in a
vertical plane and facing the flame array. The sled
could be moved forward or backward by means of a revers-
ible motor and a system of pulleys and cables. To stop
the radiometer sled at the desired positions along the
track, several switches were installed on the track.

When the sled hit the contact point of a switch, the
circuit would be broken and the sled would stop. After
a satisfactory reading at each position was obtained,

the radiometer could be moved to a new position by closing
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the circuit with a button on the control box. This box
was located in the observation room.

In order to determine flame heights and the areas
of the merging flame columns, photographs were taken of
each of the flame arrays. The use of photography is more
desirable than visual observation in determining flame
height, because the height of the flame fluctuates ir-
regularly for the turbulent fires encountered in the
tests. Short-duration time exposures were used, since
a photograph with instantaneous exposure might catch the
flame in an unusual position. A Speed Graphic press
camera was fastened to a tripod head which was attached
to two telescoping rails. The rails could be extended
to about a 3-foot length. These rails were positioned
on the wall of the wind tunnel section just below an
opening in the wall between the wind tunnel section and
the observation room. This opening (16 x 32 inches) was
about 5 feet above the floor and was provided with a
sliding glass door. Having been previously positioned
on the tripod head and focused, the camera could be loaded
with film and cocked while it was against tﬁe wind tunnel
wall. When the photograph was to be taken, the sliding
door was opened, and the loaded camera was pushed out to
the full length of the rails. The camera was then in the
desired position for taking pictures and the shutter could

be tripped by means of a long cable release. The entire

—_— .
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picture-taking process could be performed without leaving
the observation room. When not in use, the camera was
pushed back against the wall with a piece of asbestos mill-
board being placed between the camera and the burning
table. The asbestos millboard protected the camera from
the heat produced by the larger fires. By having the
camera positioned in the wind tunnel section, the camera
was far enough away_from the table that it could see the
entire burning table surface as well as the tallest fires
encountered in the tests.

Two types of Polaroid film were used to photograph
the flames. A very fast film (ASA 3000) was used for the
less luminous flames such as methanol, and for some of
the smaller acetone fires. A two-second time exposure
was used for all of the photographs with the camera set
at f/32: This long film exposure made the use of a
slower speed film (ASA 400) necessary for the larger,
more luminous fires. A Polaroid film was also used which
permitted both a positive and a negative copy to be taken.
Before the present merging tests were conducted, the
positive-negative film was used to photograph a grid
positioned over the burning table. After processing, the
negative was used as a template for measuring the sizes
of the photographed flames. The grid was 8 feet square
and was painted black with white lines running horizontally

and vertically every inch. The position of the flames to
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be photographed would vary from the perimeter of the burn-
ing table to the center, but the camera position would be
fixed. The grid was therefore positioned vertically at
several places over the table in order to account for the
distortion in the photographed flame sizes with depth.
The camera position for photographing the grid was the
same as that used in the actual tests. The grid was
placed at the end of the table nearest the camera, half
way between the near end and the table center, at the
table center, half way between the center and the end
farthest from the camera, and at the farthest end of the
table. By use of these negatives, the sizes of the
photographed flames at any position on the table could
be measured.

Several photographs of the interacting flames
were taken with a Polaroid Model 180 camera. These pic-
tures were taken with the camera being hand held at a
distance of about 4 feet from a particular flame. These
photographs were used in studying the flame trailing
effect. 1In addition to the still photographs, a small
amount of moving pictures was taken of several of the
merged fire columns.

The velocity of air entrained into the burning
array was measured in a number of the tests by placing
an Alnor Type 8500 Thermoanemometer just outside one of

the peripheral burners of the array. This anemometer
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differs from the usual hot-wire anemometer in that it uses
a thermocouple-type readout instead of a constant current
probe. The anemometer basically consists of a piece of
fine wire connected to two supports. The supports supply
electrical current to the fine wire, which is heated to
about 350°F in calm surroundings. As the air flow across
the wire increases, the wire's temperature decreases. A
"fine thermocouple junction at the center of the wire
measures the wire's temperature, and the resultant read-
ing is shown on a scale calibrated to read the air velocity
in feet per minute. The fine cross wire and the thermo-
couple wires are 0.002 inches in diameter and provide
rapid response. In addition, the thermocouple has a
built-in reference junction which is also exposed to the
air stream in order to compensate for differences in
readings due to varying air temperatures. The accuracy
of the instrument is stated to be + 2 ft/min or + 3 per
cent of the indicated value, whichever is larger. The
range is 10 to 2000 ft/min with two range scales. Since
it is a hot-wire device, the anemometer is calibrated
under conditions of known mass flow; therefore a cor-
rection must be applied for air densities other than
0.075 1b/ft3. The instrument had a 2-foot long probe
and a power cord 25 feet long. With this length of
cord, the indicator box for the anemometer could be

positioned in the observation room.
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An optical pyrometer was used to measure the flame
brightness temperature of the fire arrays from the various
fuels. With‘an optical pyrometer, the unaided eye of the
observer is used to match the brightness of one source of
light against that of another. A red filter is interposed
between the object and the eye to increase the accuracy of
the brightness comparison, since red rays have a wavelength
of maximum sensitivity to the eye. The instrument is
sighted on the object under study, and the light from the
hot body is matched optically in the pyrometer with that
received from a constant comparison lamp in the instrument.
When the two light sources are matched, the temperature of
the object can be read directly from a scale located on
the instrument. The accuracy of the pyrometer used was
given to be %% of the temperature being measured. The
pyrometer was not entirely satisfactory for the present
work due to the difficulty of sighting the instrument
on a turbulent fire. In addition, radiation corrections
must be made for the measurement on the flame, because
the pyrometer is calibrated to give temperatures by
assuming that the object under study radiates as a black
body. To make the correction, it would be necessary
to know the emissivity (ratio of the radiant energy
emitted by a heated body to that emitted by a black body)
of the flame being studied at the wavelength of the red
radiation (0.65 micron) allowed to pass through the mono-~

chromatic pyrometer filter. The optical pyrometer could
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not be used to study the nonluminous methanol flames.

A grid network of thermocouples was used to measure
the temperature of the hot gases over the flame array.
Fine nichrome wires were strung in a parallel manner along
the bottom of the hood suspended from the ceiling of the
static test room. These wires, which were about 10 feet
above the test room floor, were spring loaded at each end
to support the thermocouples. The thermocouples were
attached to these wires at various points over the burning
table. A diagram of the thermocouple placement is shown
in Figure 9.

Two types of thermocouples were used. Iron-
constantan thermocouples were used around the outer por-
tion of the burning table for reading temperatures up
to 400°F, and Chromel-Alumel thermocouples, which were
available for temperatures up to 1500°F, were used over
the center of the table. The hot junctions were made
by twisting the wires together and welding them with an
oxy-écetylene torch. The temperatures were recorded on
two l1l2-point multipoint recorders, one of which was
calibrated for use with iron-constantan thermocouples
and the other for Chromel-Alumel thermocouples. 1In
order to make reliable temperature measurements, it was
necessary to shield the thermocouples from the flame
radiation. The shield design used is shown in Figure

I10. The shield was made from thin-walled brass tubing
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Figure 10. Thermocouple Shield.
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and had a cone-shaped copper shield placed in the tubing
near the entrance. The thermocouple was inserted through
a smaller diameter tube on the side of the thermocouple
shield. Contact between the tube and the thermocouple

wires was avoided by means of a ceramic insulator. The
thermocouple was located so that the hot junction would
be perpendicular to the air flow through the shield tube
and would be shielded from direct flame radiation by the
cone in the nose of the tube. The shields were plated

with a bright nickel coating so that they would reflect

as much radiation as possible.

Fuel Selection

Five fuels were selected for use in the flame
interaction and merging studies; these were methanol,
acetone, normal hexane, cyclohexane, and benzene. These
fuels can be obtained in a reasonably pure state and at
a moderate cost. This selection of fuels gives a
sufficiently wide variation in heat output, burning
rate, chemical type, and amount of expected flame radia-
tion. Methanol burns slowly with a low heat of com-
bustion, and its flames are a pale blue, resulting in
low radiative transfer. Acetone burns with a bright
flame but with no smoke, a somewhat higher heat of
combustion, and medium radiative output. Cyclohexane

and normal hexane both burn with a smoky flame and
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high heat of combustion. Both also have a high radiative
output. The benzene flame is optically more dense than
that of the other fuels selected and has a high radiative

heat output.



CHAPTER IV

EXPERIMENTAL PROCEDURE

A brief explanation of the experimental procedure
used in the flame interaction and merging studies is pro-
vided in the following pages. Some of the problems en-

countered during the tests are also discussed.

Exposed-Rim Burner Tests

Both circular and square burners were used in the
exposed-rim burner tests. The circular burners were used
in the nine-burner circular pattern described previously.
The square burners were arranged in a nine-burner square
pattern, as sketched in Figure 16, which consisted of
eight burners arranged symmetrically around the perimeter
of the square and one burner in the center of the square.
Burning of the fuel in the exposed-rim burners was done
under unsteady-state conditions. The fuel containers,
having a depth of one inch, were filled flush full with
fuel, ignited, and allowed to burn until all the fuel was
consumed.

The tests using the circular, exposed-rim burners

with diameters of 1%, 2 1/16, and 2 9/16 inches were

68
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conducted on the previously mentioned apparatus which
employed a burning platform located at the end of a long
lever arm. Due to the limitations of the apparatus, only
burning rate data were taken for these tests.

The tests using the 4 3/16-inch diameter circular
burners and the 3 x 3—inch square burners were conducted
on the previously described burning table which made use
of strain gages to measure the weight loss of fuel. Both
the burning rates and radiation flux to the surroundings
from these fires were measured. In addition, some photo-

graphs of the flames were taken.

Rimless Burner Tests

Most of the rimless burner tests were canducted
by varying only the position of the peripheral burners.
One particular fuel was used, and the size and number of
burners was the same throughout a series of tests. A
typical series of tests began.by positioning the peri-
pheral burners far enough apart for interaction-free
burning to be obtained. In succeeding tests, the gepara-
tion distance between the peripheral burners and the
center burner was decreased until the burners were finally
very close together. Two burner patterns were used for
the rimless burner tests (the nine-burner and the thirteen-
burner patterns described previously). All the burners

used for a particular test were always of the same size.
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For the rimless burner tests with n-hexane,
cyclohexane, and benzene, a slightly different procedure
was followed at the small burner separation distances.
In these tests, a large sheet of insulation was used
which had holes cut for a particular arrangement of the
burners; therefore, a different sheet was used for each
position of the burners. As mentioned previously, this
insulation sheet was necessary to prevent fuel vapors
from penetrating beneath the table. The various fuels
were used at a particular burner separation distance
before that position was changed, due to the inconvenience
of changing the burner positions with the insulation sheet
arrangement.

The sizes of fuel reservoirs selected for a par-
ticular test depended on the size and number of burners
to be used, as well as the fuel to be burned. The separa-
tion distance between the burners was also a factor in
the reservoir selection. The separation distance greatly
affects the burning rate, as will be discussed later.
One of the reservoirs was used to supply fuel to the cen-
ter burner, and a larger reservoir was used wifh the
eight peripheral burners. With the thirteen-burner
pattern, the four intermediate burners were supplied
by a third reservoir.

An experimental test started with the positioning

of the fuel burners. If a new set of burners was being
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used, these burners were screwed onto the pipe nipples
which were attached to the ends of the polyethylene fuel
lines. The burners were set on the rails of the burning
table framework at the desired separation distance from
the center burner. The insulation blocks were then placed
in front of and behind the burners in order to provide a
continuous surface around the burner array. When one of
the large insulation sheets was used, the sheet was
positioned so that the burner rims would fit snugly in
the holes provided in the sheet. The radiometer at the
center of the burning table was pushed up from underneath
the table through a hole provided in the insulation. The
radiometer face was positioned flush with the top of the
insulation surface. The hole for the radiomster was in
the insulation block which fitted around the center burner.
The center of the hole was one inch from the edge of the
center burner rim. It was necessary to remove the center
radiometer when changing burner sizes, since different
insulation blocks had to be used to fit around the various
sizes of center burners. When burner sizes were not being
changed, the position of this radiometer was left unchanged.

With the burners positioned, the fuel lines con=
nected, and the insulation in place, the fuel reservoirs
were ready to be filled with fuel. The end of the poly-
ethylene fuel supply line in the outside storage area

was connected to a fuel barrel. The other end of the
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line in the observation room was placed in the proper fuel
reservoiF, and the pump was started. If a new fuel was
being used, the reservoirs and fuel lines would be rinsed
with the new fuel before the reservoirs were filled.
After the reservoirs were filled, the reservoir breather
tubes were positioned at the proper depth and the burners
were slowly filled. The center burner fuel line was
sloped so that air bubbles could not collect in the line
when it was being filled with fuel. The range of peri-
pheral burner positions made necessary the use of flexible
polyethylene fuel lines from the manifold to the burners.
At burner positions close to the table center, these
flexible lines were coiled on the floor under the table.
During the initial filling, air bubbles became trapped
in these lines, stopping the flow of fuel into the burners.
In this case it was necessary to go under the table to
raise the lines until the bubbles rose and were dispelled
into the burners. After these lines were initially filled
with fuel, no further trouble with air bubbles was exper-
ienced. The flexible fuel lines under the table were
always checked for entrapment of air after the burners
were filled and prior to ignition of the fuel. 1In addi-
tion, all the fuel lines were closely monitored for leaks.

A thermometer was also positioned outside the
building in order to obtain the ambient air temperature

at the time of the test.
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The burners were filled as nearly flush full with
fuel as possible, with the fuel level usually being about
1/8 inch below the burner rim. Since all of the eight
peripheral burners were connected to the same reservoir,
it was necessary for all these burners to be at the same
height in relation to the bottom of the reservoir breather
tube. The rails on which the burners rested were con-
nected to the framework so that the burners would be at
the same height; therefore, all of the peripheral burners
could be filled with fuel to the same depth.

After the fuel level in the burners rose to the
desired height, the level in the fuel reservoir sight
glass became stationary. The sight glass levels of the
reservoirs used for the tests were watched closely for
several minutes after they had become stationary to check
for air leaks in the reservoirs. If a small air leak had
developed in a reservoir, the level in the reservoir would
continue to drop very slowly, eventually overflowing the
burners. While the sight glass levels were being moni-
tored, the radiometer which was located on the track was
brought into position. The radiometer was first posi-
tioned at the end of the track nearest the burning
table edge. The position was changed several times dur-
ing the test, with the radiometer being moved farther
away from the fire each time. The anemometer was placed

on the burning table at a position 6 inches above the
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table and 12 inches out from the edge of one of the peri-
pheral burners. The anemometer readings were always ob-
tained with the anemometer located on the same side of
the burning table. A test tube stand and a clamp were
used to hold the anemometer probe. The cooling water was
then turned on for both the track radiometer and the cen-
ter radiémeter. In addition the nitrogen, which was used
as a gas purge for the center radiometer, was turned on.
The gas purge for this radiometer was supposed to keep
condensed moisture and soot off the radiometer window,
since the window was in direct contact with the flame.
The nitrogen flow rate across the radiometer window was
kept rather low to avoid disturbing the flame column.

After having observed that the sight glass levels
were still stationary, the fires were ignited by means of
a'match at the end of a holder 3 feet in length. The
fires were ignited one at a time, but as quickly as
possible. Since the fires had to burn for several min-
utes to reach a steady state fuel consumption rate, it
was not necessary that all the fires be ignited simultan-
eously. After the fires were ignited, the chart paper
drive was started for the two-pen recorder (connected to
the two radiometers) and the two multipoint recorders
(connected to the thermocouples over the burning table).
The amplifiers for these three recorders were always

left on unless the tests were to be discontinued for a
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day or more. The recorder for the radiometers was
zeroed prior to the fuel ignition. The calibration of
this radiometer recorder was checked periodically during
the course of the series of tests to make sure that the
calibration had not changed. The timer was started as
soon as the fuel was ignited, and the exhaust fan in
the ceiling of the static test room was turned on. The
camera was then loaded with film and cocked.

Several minutes were required for the burning
rates to become constant so that a steady reading could
be obtained for the radiometers. The length of this
initial burning period depended on the fuel, burner size,
and burner location. Reservoir sight glass levels were
usually recorded every three minutes throughout the test.
This time interval was varied somewhat for the different
tésts, depending on the magnitude of the drop rate in
the sight glass fuel level. It was observed that the
center radiometer (which had a fast response time)
reached its steady reading about the time that the burn-
ing rate became steady. The radiometer on the track
was considerably slower in reaching its steady value
since this rradiometer had a rather slow response time
(on the order of several minutes).

When the track radiometer had obtained a steady
output on the recorder ché}t; the fire was considered

to have reached steady state. An anemometer reading
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was usually taken at this time. The camera holder was
then pushed out to the full length of its rails, and a
picture was taken. The camera was pulled back, and the
film was removed from the camera and processed. The im-
mediate processing of the film was done to ensure that a
good photograph had been taken. After taking the picture,
the track radiometer was moved to its second position,
which was located at about the middle of the track length.
The reading from the track radiometer gradually decreased
after the radiometer was brought into its new, more dis-
tant position from the fire, and the value of the reading
leveled off after a few minutes. For some of the tests,
a picture was taken of the flame trailing effect from one
of the peripheral burners. To take this close-up shot,
a camera was taken into the static test room and hand
held for the shot. This photograph was also immediately
processed. Optical pyrometer readings of the fires were
also taken for many of the tests. The pyrometer was
taken into the static test room after the fire reached
the steady state condition, and a pyrometer reading was
obtained. After a steady reading was obtained at the
second position, the track radiometer was moved back to
the third track position. This third radiometer position,
which was not used for the smallest fires, was located at
the end of the track farthest from the burning table.

After a steady reading had been obtained at the third
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position, the fires were extinguished. For the largest
fires, the burning rates and radiometer readings came to
steady values very quickly so that these large fires were
usually not burped longer than 15 minutes.

In order to extinguish the fires, the valves at
the bottom of the reservoirs were shut off. Then the out-
side drain valves were opened and fuel was allowed to
drain from the lines into a container. Enough fuel was
allowed to drain to lower the fuel level down into the
fuel lines below the burners, causing the fires to recede
greatly, although they continued to burn for about a minute
after the fuel level was lowered. The bottom of a fuel
burner was not sloped toward the center hole; therefore a
very slight amount of fuel would not drain_and would be
left in the bottom of the burner. The oué#idé door to
the static test room was opened after the fires were ex-
tinguished in order to help clear the room of any smoke.

Several problems were encountered in the course of
the experimental tests. During several of the tests,
part of the fuel vapor evolving from the burners would
seep down into cracks in the insulation between the
burners before it would ignite. These cracks were pres-
ent where the insulation blocks fitted together. This
trouble was encountered during the hexane tests at small
separation distances where the fires were merging. As

mentioned previously, this seepage of vapor was the cause
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of an accidental fire encountered during one of the
tests. Vapor accumulated in the insulation and apparently
was burning on the underside of the insulation surround-
ing some of the burners. At least one of the poly-
ethylene fuel lines was heated enough to melt, and fuel
was spilled under the table. This fuel ignited, melting
the rest of the polyethylene lines. When this spillage
occurred, the fuel level in the reservoir sight glass
started to drop rapidly. The valve at the bottom of
the reservoir was immediately shut off, and the fire
under the table was quickly extinguished by means of a
dry-chemical fire extinguisher. Except for melting the
polyethylene fuel lines, little damage was done to the
apparatus by this fire. The previously-mentioned large
insulation sheet was used in all subsequent tests to
prevent an accumulation of burning vapor under the table,
and no further trouble of this kind was encountered.
Only a few tests using hexane had been made prior to the
accidental fire. These héxane tests were subsequently
run again with the new insulation setup. There was a
possibility that vapor had been burning within the in-
sulation .layers during these tests, although this burn-
ing had been detected in only one test immediately pre-
ceding the accidental fire.

Several times during the course of the tests,

difficulty was encountered with air leaks in the fuel
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reservoirs. As noted previously, these leaks would pre-
vent a slight vacuum from forming above the fuel in the
reservoir, and fuel would continue to flow into the bur-
ners, causing these burners to overflow. These air leaks
were always detected before the fuel in the burners had
been ignited because the fuel level in the burners was
allowed to stabilize before it was ignited. The trouble
was traced to the gaskets above and below the sight
glasses. These gaskets apparently became brittle due to
contact with the fuel vapor. After these gaskets were
replaced, the trouble was eliminated for several weeks.
Spring-loaded shutters were located near the
floor of the static test room to provide incoming air
for the fires. There was one set of shutters located at
the bottom of each of the three walls of the test room,
and one set in the adjoining wind tunnel test section.
On days when the outside wind was gusty, some of these
air-inlet shutters would often have to be sealed to pre-
vent stray air currents from disturbing the flames.
Nevertheless, on several of the windiest days, stray
air currents disturbed the flames to such an extent
that the tests had to be discontinued until calmer wind
conditions prevailed. To seal off the part of the wind
tunnel section behind the camera location, plastic
sheeting was stretched across the tunnel section and

taped to the sides. This sheeting worked fairly well,
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but the tape had a tendency to pull loose, and it had
to be checked each day.

A more serious problem was encountered with the
larger, smokier fires due to the limited size of the
static test room and the inadequate ventilation system.
For several of the very largest merging fires encountered,
the tips of the flames would almost touch the concrete
beams located across the ceiling of the test room. The
smoke and combustion gases were vented to a series of
shutters located around a hood in the ceiling of the test
room. The shutters in the ceiling were spring loaded and
were supposed to allow smoke to escape from the room
while being closed to outside winds. This shutter arrange-
ment was designed primarily for the wind tunnel tests in
which air was forced through the wind tunnel and the ad-
joining static test room by means of a large blower
located upwind of the wind tunnel section. An exhaust
fan was also located in the ceiling vent in the static
test room to help exhaust the smoke during tests under
calm conditions. The use of the exhaust fan did not tend
to disturb the fires, but the fan did not pull enough air
out of the static test room to dispel the accumulation of
smoke in the room during the more smoky fires. The
buildup of smoke proved to be so bad for the benzene
fires using 4-inch diameter burners, that the tests for

benzene with the 4- and 6-inch diameter burners had to
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be discontinued. For some of the large hexane and cyclo-
hexane fires, as well as some of the small benzene fires,
the readings obtained with the track radiometer would start
to decrease even though the radiometer position had not
been changed. This decrease in detected radiation flux to
the surroundings was caused by the accumulation of smoke
and combustion gases in the room during the latter part of
the test. This smoke buildup also caused difficulty in

obtaining good pictures of some of the fires.



CHAPTER V
DISCUSSION OF THE RESULTS

In the present investigation, emphasis was placed on
correlating the burning rate data of the interacting and merging
fires in such a manner tﬁat this data could be used to predict
the behavior of multiple fires in situations involving other
ligquid fuels, and other sizes of fuel sources. Since the
burning rate of the liquid fuels is closely associated with
the heat feedback from the flame, the radiative heat feedback
from the flame to the fuel was studied. The radiative heat
flux given off to the surroundings is greatly affected by the
merging of the separate fuel sources; therefore, this effect
was also investigated. Additional data such as the brightness
temperature of the fires and the temperature of the convective
columns over the fires were also taken during the tests. Al-
though some of this additional data was insufficient to lend
itself to adequate correlation, it assisted in evaluating the
experimental techniques and equipment.

A number of burner sizes and burner arrangement patterns
were studied in the tests. In addition, different numbers of
burners and various fuels were used. The effect of exposing

the burner walls to radiation from adjacent fires was also
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investigated by studying fires burning in both exposed-rim
and rimless burners. The interacting or merging fires from
the burner arrays ranged from the small, laminar flames of
methanol in nine, 1l%-inch diameter burners to large, highly
turbulent fires from burning cyclohexane using nine, 6-inch
diameter burners.

For both exposed-rim and rimless burners, the separa-
tion distance between the peripheral burners and the center
burner was varied for the different tests while keeping the
same shape of burner pattern. A test consisted of burning a
particular fuel in an array of burners of a particular size,
with the burners being placed a certain distance apart.

Some qualitative observations of the flame interaction
and merging ptenomena. will be given in the following pages.
The comments generally apply to both the exposed-rim and rim-
less burner tests unless otherwise noted. These observations
are followed by a presentation of the results of the present

studies and the correlations developed during the studies.

Qualitative Observations

The present interaction and merging studies showed
rather dramatically the effects that the merging of a number
of small fires into one fire column can have on the burning
rate, flame height, and heat given off to the surroundings.
Sinée the largest single burner size employed in the tests
was 6 inches in diameter, the flames from the individual bur-

ners were never over about 30 inches in height when the burners
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were spaced far enough apart that the individual fires had
little or no .effect upon one another. Yet, when nine of the
same 6-inch burners were spaced close enough together that
the individual fires merged, fire columns as large as 2 feet
in diameter and about 9 feet high were obtained from certain
fuels. Figure 11 shows three photographs of interacting
n-hexane fires from nine rimless 4-inch diameter burners.

In the first photograph tilting of the flames is observed;
in the second the fires are interacting but have not yet
merged; and in the third the flames have merged and the

heat feedback to the fuel has been reinforced to the extent
that the flame column is approximately 81 inches high.

For the rimless burner tests conducted on the large
burning table, all the individual fires were observed to
behave in approximately the same manner when the peripheral
burners were positioned close to the edge of the table. At
this large burner spacing, the fires would exhibit little or
no interaction effects upon one another, although flames
from some of the largest size burners could not be spaced
far enough apart on the table to prevent the peripheral flames
from leaning slightly in toward the middle of the burner
array. This leaning was due to air entrainment into the
fire array.

As the burner separation distance was decreased, the
peripheral flames would begin to lean more toward the center

of the array. As noted by Thomas, Baldwin, and Heselden (26)
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in their flame merging studies, a column of hot rising gases
entrains air from its surroundings, so that when several
flames are placed in the neighborhood of one another, the
resulting restriction of air flow causes a slight pressure
drop in the space between the flames. This pressure drop
causes air flow toward the low pressure space, deflecting the
flames from the vertical. Measurements by Strasser and
Grumer (23) of static pressures between proximate wood fires
showed pressure depressions that reached a few hundredths of
a millimeter of water. 1In most instances the air entrain-
ment for the present merging studies was approximately sym-
metrical with respect to the fire array, causing the flames
to lean toward the center to about the same degree.

Particularly with fuels such as cyclohexane, the
center flame was often observed to move slightly off its
burner, first to one side and then another for burner spacings
at which little interaction between the fires occurred. For
the rimless burner tests, this movement was generally caused
by fuel vapors moving horizontally across the table surface
for an inch or more before finally being consumed with a re-
sulting disturbance in the main flame. As the cool air. being
entrained into the outer edge of the fire array moved through
the spaces between the peripheral burners, it was heated by
the fires from the peripheral burners and consequently began
to rise. The air turbulence resulting from this heating also

contributed to the slightly unstable nature of the center flame
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at the intermediate burner spacings.

At these intermediate burner spacings, where the
fires were beginning to interact but had not yet begun to
merge, the peripheral flames were observed to exhibit a
trailing effect as they leaned in toward the center of the
table. This effect was noted particularly for n-hexane,
cyclohexane, and benzene, although acetone showed trailing
to a certain extent. As mentioned previously, this trailing
effect was noted by Welker (28) in his studies of the effect
of wind on liquid-fueled fires. The trailing effect seems
to be caused by the density of the fuel vapor at the fuel
boiling point being higher than that of the surrounding air;
therefore, the vapor tends to layer until it has been heated.
Due to the air entrainment toward the fire array, this vapor
from the peripheral burners started moving toward the center
of the array, in some cases for 6 inches or more, as it began
to ignite. The trailing effect was noted both for the exposed-
rim and rimless burners. The flame trailing was less noticeable
for the exposed-rim burners, however, since the entire burner
was above the table surface. For the exposed-rim burners the
fuel vapor layering over the edge of the burner was apparently
heated sufficiently in its travel down the outside of the hot
burner wall to become buoyant before it could travel very far
over the burning table surface. A photograph of the flame
trailing effect is given in Figure 83 and this effect is dis-

cussed further in the following pages.
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As the burners were moved still closer together, a
spacing was reached at which the individual flames approached
the onset of merging. As this critical spacing was approached
closely, the individual flames could still be discerned, al-
though they were just about to touch. The entrainment of air
to the peripheral flames at this burner spacing was restricted
mainly to the side of these flames facing the outside of the
array, and the air flow into the center burner was restricted
to an even greater extent. Less air could be entrained into
the lower portion of one of these interacting flames than when
no other flames were present. The height of these multiple
flames therefore had to increase to entrain as much air as
when the entrainment restriction was not present. The
flame height then increased still further due to the in-
creased heat feedback to the fuel at these close burner spac-
ings. This increased heat feedback resulted in a greater
fuel vaporization rate and therefore a larger flame.

When the spacing was reached that the onset of merging
occurred, the individual flames began to merge into one large
flame column. At this spacing, the air flow to both the peri-
pheral burners and the center burner was restricted to a
greater extent than at the slightly larger burner spacings.
This greater restriction of air entrainment, as well as the
more greatly reinforced heat feedback to the fuel, caused
the height of the fire column to be greatly increased. These

merged fire columns, particularly at spacings for which the



89

individual fires were just starting to become fully merged, were
much more stable than a fire produced from a single large bur-
ner of fuel surface area comparable to that of the combined
small multiple burners.

When the burner separation distance was decreased
further, the flames became fully merged into a single fire.
column. At these very close burner spacings, the center bur-
ner was entirely surrounded by the merged flames from the
peripheral burners so that sufficient air could not be en-
trained to maintain the fuel consumption rate oi the center
burner at its former peak level, although some air could
probably be swept to the center of the lower portion of the
merged fire column due to the highly turbulent nature of the
fire. For some of the merged rimless-burner fires, a blanket
of unburned fuel vapor formed over the center portion of the
burner array surface. Apparently, the heat feedback from
the surrounding fire caused the fuel in the center burner
to vaporize at a faster rate than it could be burned.

Waterman, et al. (27) burned several individual fires
indoors using a single 30-inch width square burner and JP-4
as fuel. He observed that the fire column was unstable, with
fuel vapors moving horizontally across the floor for some
distance before finally being consumed with a resulting dis-
turbance in the main flame column. In a few of the present
tests, the fires, when fully merged, tended to act in a manner

similar to the single-container fire burned by Waterman.
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Particularly for some of the largest, fully merged cyclo-
hexane fires, part of the base of the fire column spread out
several inches on the outside of the burner array, first to

one side and then another.

Exposed-Rim Burner Tests

Hottel (12), in his review of work done by Blinov
and Khudiakov, postulated that the conduction of heat through
the burner walls was a significant mode of heat feedback for
small-sized single burners containing burning liquid. To show
that the effect of heat conduction through the burner walls
was also significant for small-sized multiple burners with
exposed rims, tests with both exposed-rim and rimless burners
were conducted in the present studies of flame interaction and
merging.

Circular burners of four sizes and square burners of
3-inch width were used in the exposed~rim burner tests. The
circular burners, 1%, 2 1/16, 2 9/16, and 4 3/16 inches in
diameter, were used in the nine~burner circular pattern des-
cribed previously. The square burners were arranged in a nine
burner square pattern shown in Figure 16. A total of 162
tests were conducted with the exposed-rim burners.

The tests conducted with the exposed-rim burners were
of a preliminary nature in that the variables involved were
in some cases less well controlled than in the later tests
with rimless burners. Burning of the fuel in these exposed-

rim burners was done under unsteady-state conditions. The
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fuel containers were filled flush full with fuel, ignited,
and allowed to burn until all the fuel was consumed. Since
pans approximately 4 inches or less in diameter were used
in these preliminary tests, the total burning time of fuels
such as benzene was only about 3 minutes in some cases. Al-
though the total burning times for some of the fuels were
rather short, a period of steady fuel consumption rate was
always observed after the fuel had burned long enough to be
heated to boiling. This steady fuel consumption rate was
the value taken to represent the steady state burning rate
of the fuel.

Methanol and acetone were the only fuels burned in
the three smaller sizes of circular, exposed-rim burners.
These particular tests were conducted on the previously
mentioned apparatus which employed a burning platform located
at the end of a long lever arm. A typical weight loss (or
burning rate) curve as a function of time as obtained from
the recorder is shown in Figure 12. The top of the S-shaped
curve in Figure 12 represents the warmup period of the fuel
prior to the period of steady fuel consumption rate. The
value of the slope of the constant-slope portion of the
weight loss curve was taken to be the burning rate of the
fuel for the test. At the bottom of the curve, the weight
loss rate declines as the fuel is eventually consumed. The
experimental results recorded in Table 1 are plotted in

Figure 13 as the average burning rate of all nine burners
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in lb/hr—ft2 versus the dimensionless separation distance.
The dimensionless separation distance (S/D) is the ratio
of the distance between the centers of the center burner and
one of the peripheral burners to the diameter of a burner.
From the burning rate curve of Figure 13 it is seen that the
burning rates for methanol are hardly changed as the burners
are brought very close together. For the small, laminar
methanol flames, no merging was ever observed. The burning
rate curves for acetone fires in the 1%-, 2 1/16-, and 2 9/16-
inch diameter burners are seen to have é peak at the smaller
separation distances. Similar peaks were observed for the
burning rate curves of the 4 3/16-inch burners, as will be
discussed below. For the acetone tests, the flames were ob-
served to begin to merge at very small separation distances.
This merging caused an increase in the height of the fire
column above the burners.

The tests using the 4 3/16-inch diameter circular
burners and the 3 by 3-inch square burners were conducted
on the previously described burning table which made use of
strain gages to measure the weight loss of fuel. Methanol,

acetone, nh~hexane, cyclohexane, napalm test solvent*, and

*Napalm test solvent has the following approximate composition:
Weight Per Cent

n-heptane 57
benzene 18
cyclohexane 20

iso-octane 5
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benzene were used as fuels with these two sizes of burners.
The fires from the fuels other than methanol showed rather
vividly the effects of flame merging upon the flame height,
burning rate, and radiation flux to the surroundings. Typi-
cal weight loss and radiometer output traces are given in
Figure 14. For these tests, the radiometer was placed just
above the level of the burning table surface at a distance of
64 inches from the center of the table, with the radiometer
sensing element positioned vertically and facing the fire
array.

The values of burning rate per unit area and radia-
tion flux to the surroundings are plotted versus dimension-
less separation distance in Figures 15, 16, and 17 for the
arrays of 4 3/16-inch diameter and 3-inch square burners.

The data are recorded in Table 2. As with the very smallest
burners used, the fires from methanol did not merge. This
absence of merging is reflected in the lack of increase of
the methanol burning rate curves of Figures 15 and 16 as the
burner separation distance was decreased.

For the fuels other than methanol, sharp peaks occurred
in the burning rate curves at the smaller burner separation
distances. The maximum in a burning rate curve for a test
was observed to occur at about the same separation distance
that the individual fires of the array began to merge into one
large fire column. At this critical burner separation distance,

the flame height of the array was also seen to increase greatly



Notes:

(a) Chart Speed: 1l-inch/min.
(b) Radiometer Scale: 0-100 = 5 millivolts
(c) Fuel Weight Scale: 0-100 = 2 millivolts

1 T TIT T X 1
= 3 i o I o ¥ i 1
5% |
= ¥ ] =
s - Py an 7 ¥
-
o o 3 ; o =
; = = =
T t a -4 =) 4 3
H = . =+ 22 222 > S
%= 1 2 = - - ¥ - - =
> - = 1
#; -] 1+
- . - G = 50 54 e
= L : - =ES
1
rpind h
- s 3,
: = re m
: =
3 ; 2 S2a8 ‘ =
- 3.
3 - -
53 ~r
3 8
i e 1=
: T
% 3
: - - =
A T . - =
> - T = M ‘o
: & s |
ot - a - 3
: . .
- - : -
- e - =
Y
T 1 . -+ . ¥ -
y ¥ = A 0 1 i
ts Rt By B .l X 5 EN
> ¥ . - ! = .
- : - 3 5e
it £ :
Y . - ¥
n : r- o i ¥ o
: 4 . -
u ol
: e 2 2 ; ==
1 L G T
5 w0
EESSEZES
o o o e o . =
- =
-- - . - - =5
o ot i =
mmoa 7 o - - -
"y J- ;1S 53 -\
= o° § = -1 1
- - ] 3 e o g
= o ‘s o 4 $ o g
1T - | Tt .|
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posed-Rim Burners.
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as the individual flames began to merge. The onset of merg-
ing was therefore defined to be the condition at which the
individual flames from the various fuel sources begin to
combine into one fire column. This onset of merging was ac-
companied by a large increase in burning rate, flame height,
and radiation flux to the surroundings. When the spacing
between burners was decreased still further, the flames
became fully merged and the burning rates dropped sharply.

From the burning rate curves, it is seen that the
burning rate peaks occurred at the greatest separation dis-
tances for the fuels which showed the greatest values of
burning rates at these peaks; that is, the onset of merging
occurred with the burners farthest apart for fuels which
had the greatest peak burning rates. The burning table was
not large enough to permit interaction-free burning, except
for the tests using methanol and acetone. To approximate
interaction-free burning, burning rates were taken for the
fuels using a single 3-inch square burner. It is also seen
from these burning rate curves that the greatest peak burn-
ing rates occurred for the fuels which had the greatest
burning rate per unit area for single, non-interacting fires.

The comparison of the burning rate per unit area
curves given in Figures 15 and 16 for the 4 3/16-inch dia-
meter circular and the 3-inch square burner configurations
shows important differences. For a particular fuel the

burning rate curves for the square burners and square burner



101
pattern have a consistently higher burning rate per unit
area than the corresponding burning rate curves using the
circular burners and circular pattern. From Figures 15
and 16 the ratio of the value of peak burning rate per
unit area of the square burners to the peak burning rate
per unit area value for the circular burners has a value
of approximately 1.5 for each fuel considered, except for
methanol. The methanol fires did not merge, and showed
little difference in burning rate values for the two burner
patterns.

Furthermore, the amount of heat conducted through the
burner wall to the fuel is proportional to the circumference
of the burner; therefore, per unit area, the wall's contri-
bution to the evaporation rate of the fuel is proportional
to (d;i.ameter)—l for the 4 3/16-inch diameter of the circular
burners and to (width of side) * for the 3-inch width of
the square burners. The difference in the surfaces of the
circular and square burner walls also contributes to the
difference in burning rate. The outside surface of the cir-
cular burner wall was polished and tended to reflect part
of the radiation received from the adjacent flames. The
square burner wall was made of dark, non-reflective steel
plate and absorbed more radiation than the polished cir-
cular burner wall. The square burner therefore became
hotter than_the circular burner and the fuel evaporation

rate was greater.
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Both the outside and inside surfaces of the burner wall
were being heated during a test. The outside wall was heated
both by heat received from adjacent fires and the burner fire
itself, which was noted to spill over the burner rim in some
cases. In addition, the inside wall of the burner was heated
because the fuel level was not maintained flush with the bur-
ner rim, but continued to drop during a test. This drop in
fuel level allowed the flame from the burner to come more
thoroughly into contact with the wall.

The radiation flux curves in Figure 17 are similar
in shape to the burning rate curves. 1In addition, the peaks
of these radiation flux curves occur at the same separation
distances as the peaks of the corresponding burning rate
curves. The increased burning rates produced at the onset
of merging produce large fire columns, which give off more
radiation to the surroundings.

The radiometer (with a range of 0 to 3 solar con-
stants) from which the radiation measurements were obtained
was the same instrument used later in the rimless burner
tests and, as mentioned previously, it had a slow response
time. For some of the tests, particularly those with ben-
zene used as fuel, the burning time was so short that there
might be some question as to the reliability of the flux
values obtained with this radiometer. The values of radia-
tion flux used were the peak values on the radiation curves

as shown in Figure 14.
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For a few of the more violently burning, merging
fires, the rapid entrainment rate of air into the fires
caused the light~-weight burning table surface to oscillate
up and down very slightly. This oscillation would sometimes
cause difficulty in reading the slope of the constant-slope
portion of the weight loss curve; however, for most of the
tests, the burning rate, and therefore the air entrainment
rate, was not great enough to cause noticeable oscillation
and the slopes of the weight loss curves could be read with
more confidence. As mentioned previously, only the square
burners were used to obtain the single burner measurements.
The single burner data from the square burners were used for
the burning rate correlations for both the circular and square
burner patterns.

As seen from the curves of burning rate per unit
area versus dimension;ess distance given in Figures 15 and
16 for the various fuels and buvner patterns, very little
scatter from the general trends of the data was found.
Apparently the reproducibility of the burning rate measure-
ments was quite good although the only exposed-rim burner
tests which were repeated were several using acetone at the
larger separation distances.

The burning rates recorded in Table 5 give an
illustration of the magnitude of the merging phenomenon.
From Table 5 it is seen that the ratio of the peak

burning rate per unit area (burning rate at che onset of



104
merging) to the burning rate per unit area from a single burner
was greatest for acetone, that is, 4.36 compared with 2.10 for
benzene when the square burner array was used. Even though
benzene had the greatest burning rate at the onset of merging,
it had the least burning rate enhancement due to merging. On
the other hand, acetone had the least burning rate at the on-
set of merging but the greatest percentage increase due to
merging. As will be discussed more thoroughly later, much of
the radiation from opaque flames such as those produced by
benzene is absorbed by the flame itself before it can get
back to the fuel surface. The radiation from adjacent fires
would thus have less effect on the fuel evaporation rate than
if the flames were more transparent and most of the radiation
from the surrounding flames could reach the fuel surface, as
is the case with the acetone flames.

From the burning rate curves the burner separation
distances at the onset of merging for the various fuels were
observed to be greater for the fuels with the greater single-
burner burning rates. The burner separation distances at the
peak burning rates might therefore be considered to be a
function of the single~burner burning rates of the particular
fuels. An empirical relationship was developed for predict-
ing the burner separation distance at the onset of merging
for the liquid fuels. This relation is similar to that given
by Waterman, et al. (27) for predicting the separation distance

at the onset of merging for multiple wood cribs in square
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arrays as given in Equation 12.
The relationship for the burner separation distance

at the onset of emerging developed for the present exposed-

rim burner studies is given as

S _ 0.40
(B) = 0.55 (ms) (14)
p
for the circular burner pattern, and
S, _ 0.46
(D) = 0.59 (ms) (15)

P

for the square burner pattern where m, has the units of 1b/

hr-ftz. In Figure 18 the burning rates per unit area for the

square array are plotted versus the burning rate function,

% (ms)-0‘46. From Figure 18 it is seen that the peaks of

the burning rate curves for the various fuels all have a
value of approximately 0.6 for this burning rate function.
It was noted by Burgess, et al. (5), who measured
the burning rates of liquid fuels in single burners, that
the burning rate appeared to be a funct
the heat of vaporization at the fuel boiling point plus
the integrated heat capacity of the fuel from ambient tem-—
perature to the fuel boiling point, and AH, is the standard,
lower heat of combustion. This ratio is essentially the
fraction of the flame's heat that must be fed back to the

fuel to maintain a steady rate of vaporization.
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From the data of Table 5 and Figures 15 and 16, it
was seen that the fuels with the greatest values of burning
rate per unit area at the onset of merging (mp) had the
smallest values of the ratio of (mp/ms). It therefore ap-
peared that the burning rates at the onset of merging (mp)
might be a function of both (mp/ms) and (AHV/AHC). Using
the data from the present exposed-rim burner studies, an
empirical relationship for the burning rates at the onset
of merging was found for the circular burner pattern. This
relation is given as

AHC 1.35j0.5 5
mp = 0.53 mg (Zﬁ;) 1b/hr-f£ft (16)

for the square burner pattern, the relation

AHC 0.80(0.5 2
mp = 13.2 m, ZE; 1b/hr-£ft (17)

was obtained. The large differences in the coefficients
of Equation 16 and 17 are due mainly to the different ex-
ponents of the AHC/AHV terms. The burning rate data for

both circular and square burner patterns were plotted in
m AHC hn)
Figures 19 and 20, respectively, as m EE 2 | versus
s v

(S/D)(ms)a. Both a and b are empirical constants; for
the circular burners a = -0.4 and b = -1.35, and for the

square burners a = -0.46 and b = -0.80.
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As stated previously, AHv in Equations 16 and 17
is defined as the sensible heat of raising the fuel from
ambient temperature to its boiling point plus the heat of
vaporization. In reality, for the exposed-rim burner
tests only a fixed quantity of fuel was used, and the
burning rates used in the correlations were those cor-
responding to the short period during which the burning
rate was approximately constant. Therefore, the tempera-
ture of the fuel during this period was something greater
than ambient so that the values of AHV calculated on the
basis of an ambient temperature of 70°F are slightly, but
insignificantly, larger than the true values of AHV in the
tests.

In summary, sharp peaks in the burning rate curves
for all fuels except methanol were observed at the small
burner separation distances as shown in Figure 15, when the
exposed-rim burners were used. The individual fires of the
array began to merge into a single column, with an accompany-
ing large increase in flame height, at about the same
separation distance that these peak burning rates were
measured. The ratios of these peak burning rates to that
of a single burner ranged from 4.36 for acetone to 2.10 for
benzene when the 3-inch square burners were employed. The
curves of radiation flux to the surroundings followed closely
the trends in the corresponding burning rate versus burner

separation curves, with a sharp peak in measured radiation
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flux occurring at the same burner separation as the burning
rate peak. The peak burning rates per unit area for the 3-
inch square burners were approximately 1.5 times as great
as those of the 4 3/16-inch circular burners due to the
greater effect of heat conduction through the burner wall.
The greater conduction effect for the smaller, square bur-
ners can be mainly attributed to their larger wetted surface
to fuel volume ratio.

Correlations for the 4 3/16-inch circular and 3-inch
square exposed-rim burners were developed which have the

general form

2l

b
m AH
S \V4

where "a" and "b" are empirical constants having different
values for the circular and square burners. As seen from
Figures 19 and 20, these burning rate correlations were

quite successful in bringing together the burning rate per
unit area curves for the various fuels, especially when
considering the wide range of burning rates found in these
particular exposed-rim burner tests. The correlations can
be used for predicting the flame merging behavior of other
fuels with similar burners and burner patterns. Only the
single-burner burning rate needs to be measured, or estimated
from other sources of information such as the Bureau of Mines

data of References 5 and 29. With the single-burner burning



112
rate known, the peak burning rate for thé particular burner
pattern under consideration, as well as the dimensionless
burner separation distance at which this peak occurs, can be
predicted from Equation 16 or 17. The success obtained with
the exposed-rim burner correlations led to the more compre-
hensive modeling involved in connection with the rimless

burners.

Rimless Burner Tests

The rimless burner tests comprised the majority of
the tests conducted during the present studies on flame
interaction and merging. Three burner sizes, two burner
patterns, and five fuels: methanol, acetone, n-hexane,
cyclohexane, and benzene, were studied. Circular burners
of 2+, 4-, and 6-inch diameter were employed in the same
nine-burner circular patterns used in the exposed-rim
tests. The 4-inch burners were also used in a thirteen-
burner pattern described previously. The results from 207
of these tests are reported in the following pages. The
tests were conducted on the previously mentioned burning
table which was large enough to allow interaction-free
burning as a limiting case. The burners and burning table
were designed to minimize heat conduction from the burner
walls to the fuel. 1In addition, the burners were con-
structed so that steady state burning could be obtained
in the tests. The data taken for fires from these rimless

burners included burning rates, radiation flux to the
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surroundings, radiation flux back to the base of the merging
flame column, flame heights, flame brightness temperatures,
and temperatures of the convective columns above the fire

arrays.

Burning Rates

The burning apparatus was designed so that the burning
rates of several individual burners of the array or several
groups of these burners could be measured separately. For all
of the tests using the nine-burner circular pattern, the burn-
ing rate of the center burner and the total burning rate of
all eight peripheral burners were obtained separately. For
the thirteen-burner circular pattern, an additional burning
rate comprising the burning rates of all four of the inter-
mediate burners was obtained.

The burning rates for the center and for the peri-
pheral burners using the nine-burner pattern are plotted as
burning rate per unit area versus dimensionless separation
distance in Figures 21 through 32. The dimensionless separa-
tion distance (S/D) is the ratio of the distance between
the centers of the center burner and one of the peripheral
burners and the diameter of a single burner. The aver-
age burning rate per unit area for all nine burners of the
array is plotted for the various burner sizes and fuels in
Figures 33 through 44. These average burning rates per
unit area were obtained by combining the center and peri-

pheral fuel consumption rates and dividing by the total fuel
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surface area of all nine burners. In Figures 45 through 47
the burning rate per unit area curves for the center burner,
the four intermediate burners, and the eight peripheral bur-
ners in the thirteen-~-burner pattern are given. The averaged
burning rates per unit area for all thirteen burners are
plotted in Figures 48 through 50.

The burner spacing exhibited only a slight influence
on the burning rate of methanol in the 4- and 6-inch dia-
meter burners. From Figure 21 and 22 only the center burn-
ing rates for the 4- and 6-inch burners showed a slight in-
crease at the closest separation distances. A small increase
in flame height was also observed for the flame array at this
closest burner position, indicating a small interaction
effect between the separate fires, although no merging of
the flames was ever detected. Due to the very slight inter-
action effects observed with these two sizes of methanol
burners, tests with the 2-inch and: thirteen 4-inch diameter
burners were not conducted for methanol.

All three sizes of burners were used for the acetone
tests. For a particular burner size, the acetone burning
rates per unit_érea for the center and for the peripheral
burners were approximately the same for the larger burner
separation distances. There were few if any interaction
effects at these large separation distances. As the separa-
tion distance was decreased, the center-burner burning rate

per unit area always increased more rapidly and had a much
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larger maximum burning rate at the onset of merging than did
the burning rate per unit area of the peripheral burners.

The interaction and merging effects for acetone became more
pronounced, particularly for the center burner, as larger
burner sizes were used, as shown by the peaks in the burning
rate curves in Figures 23 through 25. For the 4- and 6-inch
burners a very sharp drop in burning rate was observed at the
smallest separation distances where the flames were fully
merged. It was also noted that the peak in the acetone
burning rate curves (at the onset of merging) occurred at

the same dimensionless separation distance for both center
and peripheral burners. In addition, the peaks for all three
burner sizes occurred at approximately the same dimensionless
separation distance.

The burning rates per unit area versus dimension-
less separation distance are given for the center burner and
the peripheral burners in Figures 26 through 28 and Figures
29 through 31 for n-hexane and cyclohexane, respectively.

The burning rate curves for these two fuels, when the same
burmer size was used, are quite similar; although the burning
rates for cyclohexane were usually slightly greater than
those for n-hexane at the corresponding burner positions.

As with acetone, the burning rates of center and peripheral
burners for each fuel are approximately the same at the
larger separation distances, and the center-burner burning

rate becomes much larger than that for the peripheral burners
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as the fires begin to interact and merge. With both the
larger n~hexane and cyclohexane fires, the burning rate
curves of center and peripheral burners peak at different
values of dimensionless separation distance for a particular
fuel and burner size. This spread in the peaks of the burn-
ing rate curves is seen to become greater as larger burner
sizes are employed; in fact, the peripheral-burner burning
rate curves for both hexane and cyclohexane in the 6-inch
burners do not peak at all, but continue to increase with
apparently a slight leveling off occurring at the smallest
separation distances used. As would be expected, the be-
ginning of the merging effect, as shown by the sharp increase
in burning rate, was observed to occur at greater burner
separation distances for the fires from the larger burners,
although as seen from the burning rate curves for n-hexane
and cyclohexane, the ratio of burner separation distance to
burner diameter at the onset of merging decreases slightly
for the larger burner sizes.

As mentioned previously, only the 2-inch diameter
burners were used for the benzene tests. The ventilation
facilities in the static test room proved to be inadequate
for the tremendous amount of smoke produced from benzene
fires in the rimless burners larger than 2 inches in dia-
meter. Nevertheless, the largest values of burning rate
per unit area at the onset of merging for any of the

rimless-burner, nine-burner pattern tests were obtained
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with these small benzene fires. A very sharp peak was ob-
tained for the center-burner burning rate curve for benzene,
as shown in Figure 32, The burning rate for the peripheral
burners continued to climb, even for the closest separation
distances used, similar to the observations for large
n-hexane and cyclohexane fires in 6-inch diameter burners.

The average burning rates for nine-burner arrays,
obtained by combining the center and peripheral fuel
consumption rates and dividing by the total fuel surface
area of all nine burners, are strongly influenced by the
burning rates of the eight peripheral burners. These aver-
age burning rate curves are therefore similar to the peri-
pheral-burner burning rate curves discussed in the previous
pages. The average burning rate per unit area curves shown
in Figures 33 through 44 for all fuels therefore do not show
sharp peaks at the onset of merging, as did the center-
burner burning rate curves. The average burning rates for
the hexane and cyclohexane fires in 6-inch burners, shown
in Figures 40 and 43, respectively, continue to increase
as burner distance is decreased and do not show a distinct
maximum value at all.

The curves of burning rate per unit area as a function
of dimensionless burner separation are given for the center
burner, four intermediate burners, and eight peripheral bur-
ners using the 4-inch diameter, thirteen-burner pattern in

Figures 45, 46, and 47 for acetone, n-hexane and cyclohexane,
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Figure 41. Average Burning Rates of Interacting
2-Inch Cyclohexane Fires.
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respectively. The dimensionless burner separation for this
burner pattern is the distance between the centers of the
center burner and the four intermediate burners divided by
the burner diameter. The distance between the center burner
and each of the eight peripheral burners was always equal to
twice the distance between the center burner and the four
intermediate burners. These fires were never spaced far
enough apart for interaction-free burning to occur, but
they could be expected to behave in a manner similar to the
fires of the nine-burner pattern at the very large burner
spacings. For all three fuels, the burning rate per unit
area of the center burner always had the greatest value
with the peripheral burners having the lowest burning

rate value at a particular burner position. The burning
rate curves reached a maximum and then decreased for the
center and intermediate burners, but the peripheral-burner
burning rates for n-hexane and cyclohexane continued to
climb as the burners were moved to their closest spacings.
A comparison of the curves of average burning rate for

all burners using the 4-inch burners in the nine-burner

and thirteen-burner patterns shows that the number of
burners employed has an effect on the total burning rate
per unit area of the array. The effect is caused mainly
by the different burner pattern eﬁployed as shown in

Figure 5. For the thirteen-burner pattern, five of the

burners were surrounded on all sides by adjacent fires,
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compared with only one burner of the nine-burner pattern.

A number of the flame interaction and merging tests
were repeated under as nearly the same conditions as possible
in order to test the reproducibility of the experiments. In-
spection of the data for the center and outer burning rates
in Figures 21 through 32 shows that the difference between
the burning rates for the repeated tests was nearly always
much less than 10 per cent of either of the burning rate
values. From Figures 24 and 25 for the 4- and 6-inch ace-
tone fires, respectively, several of the repeated burning
rates for the merged fires were somewhat higher than the
values from the original tests, although. these fires were
not repeated under exactly the same conditions. These
original merging acetone tests were made on the burning
table before the previously mentioned modifications had been
made at the center surface of the table. The trends in the
burning rate data also showed little scatter. The data
for slightly different burner separation distances showed
the most scatter for the small fires under conditions of
interaction-free burning and for the largest fully merged
fires. The small fires, when widely separated, were very
sensitive to any stray air flow in the room. As mentioned
previously, the large fully merged fires tended to act like
a fire from a large single burner and the fire column was

also sensitive to stray air flow in the room.
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In summary, the trends in the burning rates as
burner separation distance was varied depended both on the
fuel and burner size used. The burning rate of multiple
methanol fires increased very little as the burners were
brought very close together; no merging of the methanol
flames was even observed. For large burner separation dis-
tances, the acetone burning rate values did not change
although the burning rate of the center burner was in-
creased to approximately 350 per cent of its interaction-
free value when the burner spacing was such that the flames
began to merge, the burning rate peaked and then dropped
with further decreases in the burner separation distance,
as shown in Figure 25. Both the n-hexane and cyclohexane
burning rates for the 2- and 4-inch burners peaked at the
onset of merging as did the acetone burning rates, although
for the 6-inch burners, as shown in Figure 31, the peri-
pheral-burner burning rates for these two fuels did not drop
as the flames became fully merged but continued to increase
as the burner separation was decreased. The maximum burning
rates per unit area were obtained at the onset of merging
of the benzene flames, even though only 2-inch burners
were used. The burning rates for benzene behaved similarly
to those for the largest cyclohexane fires in that the
peripheral-burner burning rates continued to increase as

the flames became fully merged.
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Effect of Heat Feedback to the Fuel on the Burning Rate

The burning rate of liquid-fueled fires is heavily
dependent on the heat feedback from the flame to the fuel.
Radiation and convection were the main heat feedback
mechanisms from the fire to the fuel for the rimless burner
tests since the burners were embedded in insulation up to
their rims, which were tapered to minimize conduction effects.
In addition, the burners were always kept essentially flush
full with fuel. The conduction of heat from the burner
walls to the fuel was therefore considered negligible.

The flames studied in the tests ranged from the essentially
transparent flames of methanol, where radiative heat feed-
back to the fuel is probably minor compared to convection,
to the opaque flames of benzene where radiative heat feed-
back predominates. Many of the trends of the burning rate
curves mentioned previously can be explained by considering
the increases or decreases in radiation and convection heat
feedback to the fuel and the relative importance of one

of these modes of heat feedback in contrast to the other
for the various fuels and spatial arrangements.

Burgess, Strasser, and Grumer (6) studied some of
the radiative properties of several liquid fuels. Among
those fuels studied were methanol, n-hexane, and benzene.
They found that radiation from methanol flames was very
strongly absorbed by liquid methanol. Ligquid benzene

absorbed its flame radiation less readily than methanol,
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and liquid hexane absorbed its radiation to a slightly
greater extent than benzene. They also found that methanol
vapor absorbed more of its flame radiation than did either
hexane or benzene.

A study of the burning rates of the various fuels
indicates that the main cause of the very great increase in
burning rate as the fires begin to merge is the increase in
radiation to the fuel surface from the adjacent flames.

The radiative output from the methanol flames was very low
compared to that of the other fuels burned in the present
studies. As noted above, the methanol vapor over the

liquid surface tends to absorb the flame radiation, reduc-
ing the amount of radiation reaching the fuel surface.

Only a slight turbulence if any was observed in these methanol
flames. The amount of convection from the flame to the fuel
was therefore held to a lower value than if these flames

had been highly turbulent. 1In highly turbulent flames, the
hot gases in the lower portion of the flame tend to sweep
across the fuel surface due to the turbulence in the flame
columns. The ratio of the heat of vaporization to the heat
of combustion (the fraction of the heat liberated by com-
bustion that must be fed back to the fuel to maintain a
steady vaporization rate, as described previously), is also
much greater for methanol than for any of the other fuels
studied due to the higher heat of vaporization of methanol.

The rather small amount of heat transfer back to the fuel
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therefore keeps the methanol burning rate low. The small
burning rate enhancement observed for the center burner
as the methanol flames were brought close together was
probably due to slightly increased convection transfer to
the fuel in this burner rather than any influence of
radiation from the adjacent flames.

The flames from acetone fires had a much greater
radiative output than the methanol flames, and the acetone
burning rates were seen to increase sharply as the acetone
fires were brought close together. A comparison of the peak
burning rates of acetone flames from the three sizes of
burners shows that the peak burning rate per unit area
increases considerably as larger burner sizes are used,
but the burning rates at large separation distances for these
three burner sizes increase very little. The flames of ace-
tone, while being luminous, were less opaque to their own
radiation than the other fuels such as cyclohexane and
benzene; therefore less of the flame radiation was absorbed
by the acetone flame itself before it could penetrate to
the fuel surface. The burning rate per unit area for the
merging fires was increased as larger burner sizes were
used, due to the much larger column of flame which was
present over the fuel surface. When the acetone fires
were brought very close together, so that the flames were
fully merged, the burning rate was observed to drop sharply.

This burning rate drop was caused by the blockage of air to
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the burners due to the adjacent flames. The extreme close-
ness of the flames restricted the convective heat transfer
from flame to fuel at the center burner. The resulting de-
crease in burning rate also decreased the size of the fire
column over the fuel. The acetone flame is probably trans-
parent enough to its radiation that radiation from most parts
of the fire column can get to the fuel before being absorbed
by the flame itself. The smaller fire column therefore re-
duced the amount of radiation back to the fuel and further
reduced the burning rate.

The flames from both n-hexane and cyclohexane had a
large radiative flux output and the burning rates of these
fuels were also greatly increased by the presence of adjacent
flames. The burning rate curves for these two fuels were
quite similar, particularly for the larger burner sizes.

In addition the values of measured radiative flux output
and the ratio AHV/AHc were nearly the same.

Both hexane and cyclohexane flames are much more
opaque to their own radiation than is acetone. The effects
of this opaqueness can be seen by comparing the burning
rate curves for the various fuel burner sizes used. The
burning rates per unitarea at the onset of merging in-
creased as the burner size was increased from 2 to 4 inches
in diameter, but as the burners were increased from 4 to 6
inches in diameter the peak burning rates per unit area

remained nearly the same.
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The ratio of burning rate at the onset of merging to
the single-burner burning rate was used in the merging studies
as a measure of the burning rate enhancement due to flame
merging. The values of this ratio for the various fuels and
rimless-burner sizes are given in Table 6. It is seen from
this table that the (mp/hg) ratio decreases as larger burner
sizes are used for the rather opagque hexane and cyclohexane
flames. However, for the more transparent acetone flames,
this ratio continues to increase with burner diameter but at
a progressively reduced rate. The values of the (mp/ms)
ratios as well as the burning rate per unit area values at
the onset of merging mentioned in the preceding paragraph
indicate that the effect of merging on the burning rate will
become less as the flame size becomes larger.

As the merged flame column becomes large, the radia-
tion from part of the opaque fire column is absorbed by the
flame itself before it can reach the fuel surface. An in-
crease in the size of the merged flame column therefore con-
tributes less additional radiation flux to the fuel surface
than when the flames were smaller.

As the flames were moved close enough together to
be fully merged, the center burning rate of hexane or cyclo-
hexane always dropped sharply due to insufficient air and
a possible decrease in convective effects, as was noted in
connection with acetone. As mentioned previously, a layer

of unburned fuel vapor was observed to form over the center
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burner at these fully merged burner positions. This blanket
of vapor probably absorbed some of the flame radiation.

It was noted in the burning rate curves for hexane
and cyclohexane in the 6-inch burners that the burning rate
of the eight peripheral burners continued to climb as the
bu&ner separation distance was decreased, while the center-
burner burning rate dropped sharply as the fires became fully
merged. The radiation from the hexane and cyclohexane flames
plays a very important part in determining the burning rate
of these fuels; therefore the shape of the flame over the
fuel is important. As the flames were brought close enough
together to interact, the peripheral flames were rather small
and leaned toward the center of the burner array producing
a conical flame shape, in which case less radiation was
directed back to the fuel surface of the peripheral burners.
As the flames were brought close enough together to begin
to merge, the flame shape once again became cylindrical, so
that the flames were more directly above the peripheral
burners. More radiation was thus directed back to the fuel
to increase the burning rate even though the convective
effect decreased as the flames merged.

The flames from benzene were very opaque. This
opaqueness apparently caused the burning rate per unit area
curves for benzene in the 2-inch burners to behave in a
manner similar to the burning rate curves for the above-

mentioned large hexane and cyclohexane flames.
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In summary, the trends in the burning rate versus
burner separation curves can be explained by considering
the increases or decreases in radiative and convective heat
feedback to the fuel and the relative importance of one of
these modes of heat feedback in contrast to the other. The
increase in radiation to the fuel surface from the adjacent
flames is the main cause of the large increase in burning
rate as the fires begin to merge although increased con-
vective heat feedback due to the proximity of other fires
contributes to the burning rate increase. For the smaller
as well as the more transparent fully-merged fires, the
blockage of air to the fire array center by the outer por-
tion of the fire array caused a decrease in heat feedback
to the fuel with a resulting drop in burning rate. For
the larger as well as the more opague merged fires, the
increased radiative heat feedback to the peripheral-burner
fuel due to the change in fire column shape was enough to
offset any decrease in convective heat feedback; therefore,
the peripheral-burner burning rates did not drop as these
fires became fully merged. As shown in Figures 38 through
.40, the peak values of n-hexane burning rate per unit area
at the onset of merging showed little or no increase as
the burner size was increased. For opaque flames from
fuels such as n-hexane, much of the radiation from the
merged fire column is absorbed by the fire itself before

it can reach the fuel; therefore, the larger flame columns
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over the fires from the larger burners contribute little

extra radiation back to the fuel surface.

Comparison of the Burning Rates for Exposed-Rim and Rimless
Burners '

Emmons (10) examined the effect of exposed burner
rims on the burning rate of a liquid fuel. He burned ace-
tone in single shallow pans (%-inch deep) of several sizes.
His burning tests were conducted both for the pan on top
of a table surface and the pan embedded in the surface in
a manner similar to that used in the present merging studies.
For pan diameters less than 4 inches, he found that the
burning rate was greater with the pan placed on the table
(exposed-rim pan) than for the pan embedded in the surface
(rimless pan). The effect of the exposed pan rim appeared
to make little difference in the burning rate for pans
about 4 inches or larger in diameter. (The larger effect
for the small pans can be attributed to their larger
wetted surface to fuel volume ratio.) Emmons postulated
a four-step mechanism for heat transfer from flame to the
fuel by way of the exposed pan rims. This mechanism con-
sisted of radiation from the flames to the table top,
convection heat transfer from the table top to the in-
duced air, convection transfer from the induced air to
the pan rim, and conduction through the rim to the fuel.

For multiple burner tests, the effect of the con-

duction of heat from an exposed burner wall to the fuel
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can be shown by comparing the burning rate curves obtained
in the present studies for the 4 3/16-inch diameter exposed-
rim burners and the 4-inch diameter rimless burners. The
difference in the burning rates obtained from the two types
of burners also includes the effect of heating the burner
bottom since the tests for the exposed-rim burners were not
conducted under steady state conditions but contained a
limited amount of fuel which was burned until the fuel was
consumed. This heat of the pan bottom is probably not
significant compared with the exposed-rim effects since

the exposed-rim burning rate was obtained while the bur-
ners still contained enough fuel to absorb the majority of
the radiation from the flame before it could reach the
burner bottom. As noted previously, Zabetakis and Burgess
(30) found that most of a flame's radiation was absorbed

by a very small depth of the liquid fuel for fuels such

as those used in the present tests.

The burning rate curves in Figures 15 and 33 for
the methanol flames are essentially the same for both ex-
posed-rim and rimless burners. If Emmons' four-step heat
transfer mechanism (mentioned above) is considered, the
amount of radiation from the flames to the table top would
be small for the non-luminous methanol flames. The lack of
significant radiation heating of the table top would sub-
sequently result in reduced heating of the induced air and

therefore a smaller amount of heat conduction through the
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burner rim to the fuel. Radiation from adjacent flames
directly to the exposed burner wall would also be too small
to affect the methanol burning rate significantly.

The curves of burning rate per unit area for acetone
with the exposed-rim and rimless burners are shown in Figures
15 and 36, respectively. Both of these burning rate curves
are based on the average burning rates of all nine burners
of the array. The acetone curves for both cases are seen
to have similar shapes, and the burning rates per unit area
at the largest burner separation distances are nearly identi-
cal for the two types of burners. At these large burner
separation distances the acetone flames have little effect
on one another; therefore they can be considered as being
single burner fires. The results given by Emmons, as men-
tioned above, also showed that exposing the burner rim had
little effect on the acetone burning rate for single pans
4 inches or larger in diameter.

As the acetone flames began *o interact and merge,
the burning rates with the exposed-rim burners increased to
greater values than for the rimless burners. The greater
exposed~-rim burning rates were caused by the increased
heating of the burner walls due to radiation from the ad-
jacent flames directly to the burner walls. The adjacent
flames also heated the burner wall by the additional heat-
ing of air induced to the flame with subsequent convective

heating of the wall. The burning rate of the center burner
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of the array was particularly affected by radiative and
convective heating of the exposed center burner wall when
the fires were interacting or merging. The increase in
the center burning rate was reflected in the average burn-
ing rate of the array.

A comparison of the burning rate curves for hexane,
given in Figures 15 and 39 for the exposed-rim and rimless
burners, respectively, shows the effect of burner-wall
heating by the adjacent flames even more clearly. At cor-
responding burner positions, the burning rates were always
much higher for the exposed-rim burners at the burner
spacings used. Hexane burning rates for the exposed-rim
burners were not obtained at large enough burner spacings
to have interaction-free burning, but such interaction-
free burning would be expected to be only slightly higher,
if at all, than the corresponding interaction-free burning
in the rimless burners. The exposed-rim burning rate values
for hexane ranged from 1.5 times as great at the larger
burner spacings used to over 2 times as great as the rim-
less burner values at the onset of merging. Hexane flames
give off much more radiation than acetone flames; there-
fore, the heating of the exposed burner walls by radiation
transfer directly from the adjacent flames is greater.:
According to Emmons' heat transfer mechanism, the large
radiation flux from these hexane flames would also in-

crease the convective wall heating due to the adjacent
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flames. However, the contribution of these convective
effects due to the exposed rim is relatively less signifi-
cant in the case of multiple fires than for single fires.

An additional factor in increasing the hexane burn-
ing rates of the exposed-rim burners over those of the rimless
burners is flame trailing. As noted previously, flame trail-
ing was observed for the hexane fires from both types of
burners. The presence of other fires, even at large burner
spacings, caused the outer fires to lean toward the center
of the array. For the exposed-rim burners, the leaning
flame was in direct contact with part of the burner wall as
it trailed over the rim and down on to the table. The sub-
sequent radiative heating of this portion of the burner wall
further increased the burning rate of the exposed-rim burners
over that of the rimless burners.

With cyclohexane used as fuel, effects of the exposed
burner walls were similar to those described above for n-hexane.

It is therefore seen that, except for methanol, the
burning rates of the interac@ing or merging flames were always
higher for the exposed-rim burners than for rimless burners
of the same size; in fact, the peak hexane burning rate for
the exposed-rim burners was over two times as great as the
peak burning rate for the rimless burners. The greater burn-
ing rates of the exposed-rim burners were caused by the con-
duction of heat through the exposed burner wall to the fuel.

The burner wall was heated by the hot air. entraineéd into.the
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burner array and the radiation from adjacent fires directly
to the exposed burner wall. Additional wall heating was
caused by direct contact of the flame and the burner wall

due to the flame trailing effect.

Burning Rate Correlations

Burning rate correlations similar to those previously
described for the exposed rim burners were obtained for the
various fuels and burner sizes in the rimless burner tests.
Again the objective was to predict the behavior of multiple
fires for other sizes of fuel sources and other liquid fuels.
Correlations were developed both for the center-burner burn-
ing rates and for the average burning rates based on all nine
burners of the array.

The burning rates of most interest in the present
studies were those obtained as the individual flames actually
began to merge since these burning rates were the largest
obtained_for a particular fuel and burner size. It was there-
fore desired to obtain a burning rate function which would
have the same value for the various fuels and burner sizes
at the onset of merging. A burner spacing function was also
needed which would have a common value at the onset of merging
for all the fuels and burner sizes. In most cases, it was
found that when such functions were obtained, their values
for the different fuels and burner sizes were approximately
the same for conditions under which interaction-free burning

was obtained, or even when the flames were fully merged.
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The amount of enhancement of the burning rate due
to the merging of the fires played an important part in
determining the separation distance at which the flames
merged. The ratio of the burning rate at the onset of
merging to the burning rate for interaction-free burning
(mp/ms) is taken as a measure of this burning rate enhance-
ment. The ratio (mp/ms) reflects the variations in heat
feedback to the fuel, such as changes in radiation due to
changes in flame volume, flame shape, or amount of unburned
fuel vapor above the liquid surface. The ratio also reflects
changes in opaqueness and luminosity of the flames from the
various fuels.

The flame trailing effect also influences the separa-
tion distance at which the flames merge. This influence is
stronger for the center burning rate than for the burning
rate from the peripheral burners. The flame trailing causes
the actual separation distance between the individual flames
to be less than the burner separation distance. As men-
tioned previously this flame trailing is influenced by the
density of the fuel vapor at the fuel boiling point as
compared to the density of the surrounding air. The ratio
(pg/pa) is therefore taken as a measure of the flame trail-
ing effect. 1In addition, the sizes of burners used is ex-
pected to affect the burner separation distance at the onset

of merging. Therefore,
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The empirical burner spacing function, which was best able
to provide the same value for all fuels and burner sizes at

the onset of merging, was found from the data to be

=

for the center-burner burning rate and

EE Center]
(s/D)pHms ——

a

(s/D) ( “o_ave
P mg
for the average burning rate based on all nine burners,
where "a" is an empirical constant and has different values
for the various correlations. The value of "a" was found
by using a least-squares fit on the peak values of (S/D).
The burning rate at the onset of merging is strongly
influenced by the degree of burning rate enhancement due to
the flame merging. As noted above, the ratio (mp/ms) can be
taken as a measure of this enhancement and reflects, among
other things, changes in the heat feedback to the fuel due
to the different flame properties for the various fuels
and changes in flame size. The peak burning rate is also
affected by the burning rate for interaction-free burning
(ms). When different fuels are used, the fraction of heat
generated by combustion that needs to be fed back to the
fuel to maintain fuel vaporization will affect the burning
rate. As noted previously this heat feedback requirement

is denoted by (AHV/AHC). In addition, the amount of flame
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trailing, as represented by (pg/pa), influences the burning
rate since the shapes of the flame columns as they begin to
merge affect the amount of radiation back to the fuel and the
degree of blockage of air to the burning fuel, which in turn
influences the burning rate. An increase in the amount of
radiation given off by the flames tends to increase the
burning rate, while the blockage of air due to the surround-
ing flames will cause the burning rate to decrease. The
burning rate at the onset of merging can therefore be ex-

pressed as
mp = function (ms, AH_, AH_, Py pa) (19)

The burning rates were correlated using the data for
a particular fuel and all burner sizes, and using the data
for a particular burner size and all fuels. The burning rate
data for all fuels and all burner sizes using the nine-
burner pattern were then combined into a single correlation.
These correlations were obtained for the center-burner burn-
ing rate and for the average burning rate and are shown in
Figures 51 through 64.

The form of the best empirical burning rate func-
tion was found to be m‘%ﬁ% for the correlations involwving
one particular fuel and all the burner sizes. For the
correlations involving a particular size of burner and all

fuels, the function which best correlated the data was
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b
.I&_A_Hgf_q)
(ms) 8H | 1Py

The values of the empirical constant "b" were different
for the various correlations.

The burning rate correlations for the center-burner
burning rates, shown in Figures 51 through 57 were quite
effective in bringing together the burning rate per unit
area data. It is of interest to note the values of the

exponent "b" in the burning rate function

m_ ﬁH_c_)&-Lb

(ms)(AHV (pa
when the three correlations were obtained using all fuels
and a particular burner size. The exponent of the density
term has a value of -3.6, -2.9, and -1.8 for the 2-, 4- and
6-inch diameter burners, respectively, and -2.9 for the 4-
inch diameter, thirteen-burner pattern. As mentioned
earlier, the radiative heat feedback to the fuel for the
more opaque flames became less dependent on the total size
and shape of the entire flame columns as the flame size
(or burner size) was increased; therefore, the burning rates
for the larger burner sizes were less affected by changes in
flame column shape due to the flame trailing effect. This
lessening dependence on flame trailing is reflected in the
smaller absolute value of the exponent for the density ratio

term as the burner size increases.
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For the center burning rate correlations involving
one fuel and several burner sizes, shown in_ Figures 55

m
through 57, the burning rate function m EB was used. The

s
meaning of the value of the exponent "b" is somewhat ob-
m
scured. In this case, the ratio ;R reflects a combination
s

of changes in such things as fuel properties and modes of
heat feedback to the fuel, as mentioned previously.

The burning rate correlations for the average burn-
ing rates, as shown in Figures 58 through 64, were in some
cases slightly less successful in bringing the burning rate
data for the various situations under a single curve. Due
to the rather large amount of scatter in the values of
burning rate function at small burner separations, curves
were not drawn through the data of some of these figures.
As noted previously, the peripheral-burner burning rates
for several combinations of fuel and burner size did not
drop as the flames became fully merged but continued to
climb. Since they greatly reflect the behavior of the
peripheral-burner burning rates, the average burning rate
curves in these few cases showed a rather flat peak or did
not decrease at all as the separation distance was decreased
to its smallest values. The values of (S/D)p and mp as
obtained from these burning rate curves were rather diffi-
cult to determine. The uncertainty in the selection of
these peak values for use in the correlations tended to be

a cause of scatter in some of the average burning rate
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correlations. The values of the exponent (%r/pa) term in
the burning rate function for the correlations involving
various fuels for a particular burner size might be noted.
The absolute value of this exponent decreased as larger
burner sizes were used, as was the case for the center-
burner burning rates.

The correlations combining the burning rates for
all the fuels and burner sizes used with the nine-burner
pattern are shown in Figures 65 and 66 for the center
burning rate and average burning rate, respectively. The
correlation for the center burning rates was' successful
in combining the burning rates of the various fuels and
burner sizes, for conditions varying from interaction-free
burning to fully merged burning. The fires burned ranged from
the small 2-inch burner acetone fires to large 6-inch burner
cyclohexane fires. The correlation involving the average
burning rates was less successful at combining the burning
rates in the region where the fires were merging. Due to
the large amount of scatter in the values of the burning
rate functions at small burner separations, a curve was not
drawn through the data of Figure 66. It is noted from the
average burning rate correlation that the data for the
various fuels in the 2-inch burners were consistently higher
than the data for the 4- and 6-inch diameter burners when

the fires begin to interact and merge.
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The difference between the average burning rate
functions for the 2-inch burners and the larger burners
is probably caused by the effect of changes in the pro-
portion of total emitted radiation which reaches the fuel
surface. These differences in the proportion of the radia-
tion which returns to the fuel are caused by the large dif-
ferences in the sizes of the opaque flame columns from these
fires. From Figure 65 it is seen that the center burning
rate functions for the 2-inch burners are only slightly
higher than the functions for the larger burners.

In summary, correlations have been developed which
allow the burning rate of interacting or merging, multiple,
liquid-fueled fires to be predicted. These correlations have

the general form of

P

o ™ 2
(_q_ versus £ [—E = ]
Pa Dlm 1A,

AH
!ﬂ_(___c,
ms AHV

for the center-burner burning rate and

b a
AH \(p..\- m
m | _cli”g S |_p
AH }(pa versus D ms

for the nine-burner average burning rate. "a" and "b" are
empirical constants having different values for the center
and average burning rates. Only the burning rate of a
single source of the fuel, along with several properties

of the fuel such as heat of combustion, the heat of
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vaporization plus the heat necessary to bring the fuel from
ambient temperature up to the boiling point, and the ratio
of fuel vapor density to ambient air density, needs to be
known. The burning rate at the onset of merging, as well as
the separation distance between the multiple fuel sources

at which this merging occurs, can be predicted from Figures
65 and 66, or for more restricted situations from Figures

51 through 64. These correlations can be used for a burner
pattern similar to that employed in the tests and for situa-
tions where conduction of heat through the fuel source rim

is not an important mode of heat feedback to the fuel.

Radiation from Interacting Fires

Measurements of flame radiation were made exterior
to the flame array for all of the interacting and merging
tests conducted with the rimless burners. As mentioned
previously, radiometer readings for most of the tests were
taken at positions 77.5, 106.5, and 153.75 inches from the
center of the burning table in order to determine the decay
in radiation intensity with increasing distance from the
flame column.

The curves of radiation flux data to the surround-
ings as a function of burner separation are seen in Figures
67 through 80. They correspond very closely to the average
burning rate curves for the corresponding tests. As the

burning rate increased, a larger flame column formed over
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Figure 70. Radiation Flux of Interacting 6-Inch
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the fuel sources; therefore, more radiation was given off
to the surroundings.

For the 4-inch acetone fires in Figure 69 and the
6-inch acetone fires in Figure 70, the radiation flux is
seen to decrease as the burners are brought closer together,
then rise sharply as the flame merging begins to take place.
The initial decrease in the radiometer reading takes place
because some of the flames are rather close to the radio-
meter when the burner separation distance is large. In
making these measurements the burners were moved closer to
the center of the burning table while the radiometer posi-
tion was fixed. The radiation flux from the flame array was
approximately the same for all burner positions until the
interaction and merging effects began to be noticed at the
smaller separation distances, although. the radiometer
reading decreased as the peripheral burner positions were
changed due to the increased distance between the flames
and the radiometer.

A comparison of Figures 37 and 70 for the burning
rates and radiation flux, fespectively, from the 6-inch
acetone fires shows that the slight increase in burning
rate at the beginning of interaction between the fires
occurs at the same separation distance as the increase in
radiation flux. It should also be noted that the maximum
values of burning rate and radiation flux also occur at

approximately the same burner separation distance for acetone,
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as well as for the other fuels and burner sizes used.

The ratio of radiation flux to the average burning
rate was plotted versus dimensionless burner separation dis-
tance in Figure 81 for several typical series of tests. For
this curve the data from the radiometer at the two farthest
positions from the table center were used. In addition,
the data were restricted to those small burner separation
distances at which the fires were interacting or merging.

By limiting the data to these radiometer and burner positions,
the effects of variation in the distance between the flame
column and the radiometer can be considered to be at a
miniﬁum. From the curves, the ratio of the radiation flux
to the average burning rate was seen to be approximately
constant for merging fires. The ratio for several of the
larger, smokier fires was seen to decrease at the smallest
separation distances, indicating that the radiation flux
dropped to a greater extent than did the burning rate. The
decrease in the ratio of the radiation flux to the average
burning rate at these close burner separations was due
primarily to the buildup of smoke and combustion gases in
the test room, which lowered the radiometer readings.

The ventilation system in the static test room proved
to be inadequate to handle the large volume of smoke obtained
from the large merging fires from several of the fuels such
as hexane and cyclohexane, as well as the 2-inch benzene fires.

Since data from the two farthest radiometer positions were taken
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toward the end of a test, enough smoke and combustion gases
from these fires accumulated in the test room for the flame
radiation to be partially obscured from the radiometer
sensing element. After a steady radiometer reading had
been observed for a short time, the value of the reading
would gradually decline as the amount of smoke in the room
increased. The problem with the radiometer reading de-
creasing with time was not observed for the acetone fires,
or for the smaller hexane or cyclohexane fires.

In order to assess the effect of flame radiation
on the burning rate of a liquid fuel, the radiation at the
fuel surface supporting the flame was measured. The radia-
tion flux reaching the fuel surface is different from the
intensity of radiation outside the flame. As mentioned
previously, a blanket of fuel vapor was observed to cover
the center of the burner array for several of the fuels
when the fires were merging. This fuel vapor absorbs some
of the flame radiation before it can reach the liquid fuel
surface. The burners used in the tests were too small to
place a radiometer directly in a fuel burner without in-
fluencing the burning rate, and consequently, the flame
column over the burner and the amount of radiation back to
the burner. Readings were therefore obtained with the
radiometer positioned in the burning table surface next to
the center burner. When the flames were merging, the fire

column was spread over the entire center section of the
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burner array and readings from this radiometer can be ex-
pected to give a good approximation of the actual radiation
flux back to the center-burner fuel surface. When the
flames were not merged, the center radiometer could see
only part of the center fire; therefore, the readings at
the larger burner separation distances are of little value.
The radiation flux measured from the center radiometer is
shown in Tables 3 and 4. The maximum values of this radia-
tion flux back to the center radiometer are seen to occur
at the same burner separation distances as the maximum values
of the corresponding center-burner burning rate curves.

The fluctuations in the flame column over the radio-
meter caused the output readings of the center radiometer
as a function of time to assume a sawtoothed shape although
the difference between the maxima and minima of this curve
-was usually 15 per cent of the average value. The data
recorded in Tables 3 and 4 are the average radiometer out-
put values obtained from these curves. The radiation flux
values obtained for benzene and the larger cyclohexane fires
were probably too low. Even though the center radiometer
window was gas purged, soot was observed to settle on this
window when merging fires were obtained from these two
fuels. As the soot would build-up on the window during a
test, the radiometer reading would gradually decrease even
though the steady burning rate had been reached for the

test.



205

The radiometer data closely followed the trends in
the burning rate data, even for the previously mentioned
merging acetone test repeats. The main difficulty with
these radiometer readings was caused by the accumulation of
soot and combustion gases, as noted previously.

In summary, the curves of radiation flux to the
surroundings as a function of burner separation were seen
to correspond closely to the nine-burner average burning
rate curves for the corresponding tests. In addition, the
maximum values of flame radiation measurements made at the
center of the burner array occurred at the same burner
separation distances as the maximum values of the corres-

ponding center-burner burning rate curves.

Heights of Flames from Interacting and Merxging Fires

It was noted that the larger merging fire columns
tended to form continually in a mushroom shape which would
travel very quickly up the column and would break off from
the main fire column just before disappearing. This puls-
ing effect, as well as other flame turbulence, necessitated
a rather long film exposure in order to obtain a representa-
tive flame height. With the exposure used, photographs of
the main body of the fire columns were slight overexposed,
with the few instantaneous flickers at the top of the
columns being recorded rather dimly on the film. The aver-
age flame height was interpreted as being the length of

the overexposed portion of the fire column; the maximum
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flame height was considered to be the entire length of the
flame column recorded in the photograph. The cross-sectional
area of the merging fire columns was measured from the photo-
graphs by means of a planimeter. The overexposed portion
of the fire column was also considered to represent the
average cross-sectional area of the column. The average
flame heights for the interacting and merging fires, as
well as the average cross-sectional area of the merging fire
columns, are recorded in Tables 3 and 4. Photographs of a
flame array at several burner separation distances are shown
in Figure 11,

As merging of the individual flames occurred, the
overall shape of the merging fire changed from conical to
cylindrical, corresponding to a great increase in the height
of the fire column. The data in Tables 3 and 4 show that as
the flames became fully merged and the burning rate dropped,
the size of the fire column also decreased.

The data on flame height and average fire column
area obtained for the larger hexane and cyclohexane merging
fires show a rather large amount of scatter. Distinct
pictures of the largest fires could not be taken due to
the accumulation of smoke in the test room. The outline of
the average fire column area was therefore rather difficult
to define for these smoky fires.

Thomas (25) in his studies of the flame heights of

single wood cribs, developed a relation between the height
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of a turbulent, buoyancy-controlled diffusion flame and the

burning rate. This relation was of the form

_ / 5
L/Deq = f(m/pa"g Deg ) , (20)

where L is the flame height, Deq is the fuel source dimen-
sion, m is the mass flow rate of fuel, and p_ is the density
of the surrounding air. The air density was used because the
density of the wood volatiles was not properly known. This
relation was developed by assuming the burning rate was in-
dependent of the heat feedback to the fuel.

Waterman, et al. (27) applied this flame height re-
lation to their studies of multiple wood crib fires. The
values of Deq for these multiple fires was taken to be the
dimension of the multiple crib array rather than that of a
single crib. The above-mentioned flame height relation was
applied to the multiple, liquid-fueled fires of the present
study, and is shown in Figure 82 as a log-log plot of L/Deq
versus (m/py g'Deqs)' Data for the burning rate at the
onset of merging and the single-burner burning rate were
plotted for the various fuels and sizes of rimless burners
used in the present tests. The diameter of the burner array

(2S) was used as De for the multiple-fire burning rates.

q
The data for wood cribs shown in Figure 82 was that given
by Waterman, et al. (27) for single and multiple cribs

and by Thomas (25) for single wood cribs. The sizes of
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Thomas' single wood cribs ranged from less than 2 feet to
about 6 feet in width. Waterman's multiple cribs ranged
from four, 3' x 3' cribs to sixteen, 3' x 3' cribs., The
present liquid fuel data are seen to fall on or slightly
above the line representing Thomas' data, whereas Waterman's
multiple crib data had values of L/Deq below Thomas' data.
For Waterman's data, the spacing between the cribs was
very small compared with the width of the cribs, making
Deq approximately equal to the actual dimension of the fuel
surface. For the multiple liquid-fueled fires, the spacing
between the liquid fuel burners was somewhat greater than
the diameter of the burners, causing the values of Deq to
be much greater than the actual dimension of the fuel sur-
face. The scatter in the data presented in the flame height

correlation of Figure 82 shows the need for including addi-

tional parameters.

Flame Trailing

The flame trailing effect which was observed for the
peripheral interacting fires was similar to that observed in
the wind tunnel testing of liguid fuel fires. The fires were
burning on the top of a flat surface with the air flow into
the flame array causing the flame to trail along the table
top toward the center of the array. The trailing is shown
in. Figure 83 for a 6-inch acetone fire. The flame trailing

effect tends to cause the flames to herge at a greater burner



210

Figure 83. Bending and Trailing of Interacting
Flames. (The white marks in the
photograph denote the burner edges.)
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separation distance than if the trailing did not occur. The
trailing was greater for n-hexane and cyclohexane than for
acetone, and it was even more pronounced for benzene. Larger
burner sizes also increased the trailing effect.

Measurements of the flame trailing length were made
for some of the tests by means of photographs. Photographic
measurements could only be made for burner separation dis-
tances which were so large that the individual flames had
not yet begun to merge. The air flow Which caused the
flames to trail toward the array center was due to entrain-
ment of air by the flames. Greater air flows caused a
greater trailing length. The anemometer was used to meas-
ure this air flow to one of the peripheral burners, and it
was assumed that this flow was symmetrical with respect to
the flame array. The trailing length and anemometer data
are shown in Table 7..

The pulsing of the flames, as mentioned previously
in connection with the flame height data, apparently caused
variations in the anemometer readings since the entrainment
of air by the flames was essentially the sole source of wind
in the room. For very small fires spaced widely apart, no
detectable anemometer readings were obtained. For larger
interacting fires the results shown in Table 7 were obtained.
For this particular data only a small amount of fluctuation
was obtained in the readings. The data used were the aver-

age values read from the anemometer. When the fires merged

4
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and very large flame columns were formed, the air entrain-
ment as measured by the anemometer was greatly increased.
The increased turbulence of the fire column caused very wide
oscillations in the anemometer readings obtained.

Welker (28) in his wind tunnel studies developed a
correlation for the flame trailing length as a function of
the air velocity. He found by dimensional analysis that the
ratio of flame trailing length to burner diameter (D'/D)
could be correlated as a function of the Froude number and
the ratio of fuel vapor density at the fuel boiling point
to the density of the surrounding air. His data for five
different sizes of single burners and five fuels were plotted

as

-0.48

VP 2
‘% 4 vVersus =-= .
P gD

The resulting equation was

5 fg -0.48 . 0.21

P =21 5 (21)
The data for flame trailing lengths and the anemometer read-
ings for the interacting fires were plotted on Welker's
correlation. The resulting plot is shown in Figure 84. The
interacting fire data are seen to fit the curve about as well

as did the previous wind tunnel data.
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Thermocouple Measurements and Brightness Temperatures

Data from thermocouples placed above the burning
table wereitéken in an attempt to measure the temperature
of the convéctive columns over the fires. Since the test
room was rather small for the sizes of some of the fires
burned during the tests, the air turbulence created in the
room and the buildup of hot gases during a test caused the
thermocouple data obtained to be of little value. For the
largest merging fires obtained, the height of the fire
column was sometimes above the height of the thermocouple
grid, so that the thermocouples over the center of the
table were completely enveloped in flame. Temperatures of
up to 220°F were obtained froﬁ the thermocouples positioned
over the outermost portion of the burning table for the
merging hexane and cyclohexane fires in 6-inch burners.

For the largest merging fires, temperatures above 1500°F were
obtained from the thermocouples over the center of the table,
since they were immersed in the fire column. The actual
values measured by these thermocouples could not be read
since the recorder would only record temperatures up to
1500°F. The previously described nickel-coated thermo-
couple radiation shields were used to minimize radiation
effects on the temperature readings. These shields becamne
blackened by the soot from the smoky fires; therefore,

the shields would absorb radiation rather than reflect it.
The hot shields increased the readings obtained from

the thermocouples.
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The optical pyrometer measured flame brightness
temperatures of about 1800°F to about 2100°F for the various
fuels. As mentioned previously, the flickering of the flames
made the brightness tempefatures very difficult to read.
Variations in the temperature reading of about 200°F could

be obtained during a particular test due to this flickering.

s
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

This study has been the first systematic investigation
of the effects of merging of buoyant diffusion flames from
burning pools of liquids. The effect of flame merging on the
burning rate and radiation flux given off by the flames was
studied for a number of different situations. Six liquid
fuels: methanol, acetone, n-hexane, cyclohexane, napalm test
solvent, and benzene were studied. Circular burners ranging
in size from 1% to 6 inches in diameter were used in either
nine-burner or thirteen-burner circular patterns, and 3-inch
square burners were used in a nine-burner square pattern.

The effect of exposing the burner walls to radiation from
adjacent fires was also investigated by burning fires in
both exposed-rim and rimless burners. For the rimless bur-
ners, the center-burner burning rate and the burning rate
of the peripheral burners of the array were measured
separately.

The trends in the burning rates as burner separation
distance was varied depended both on the fuel and burners
which were used. For large burner separation distances where

there was no interaction between the individual fires, slight
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variations in burner separation had no effect on the burn-
ing rate. With the exception of the methanol flames, the
fires started to interact at the smaller burner separations
and the burning rate began to increase. When the burner
spacing was such that the flames began to merge into one
fire column, the burning rate was greatly increased. Depend-
ing on the fuel and burners used, the nine-burner average
burning rates for the merging fires ranged from two to
approximately four times the corresponding burning rates
for the non-interacting fires. The center-burner burning
rate for the merging fires for some fuels increased to
nearly six times the corresponding burning rate for the
non-interacting fires.

As the fires became fully merged, the burning rates
for the exposed-rim burners peaked and then dropped with fur-
ther decreases in separation distance, as shown in Figure 15.
The burning rates for most of the rimless-burner fires also
dropped, although the burning rates for the benzene fires and
the largest n-hexane and cyclohexane fires continued to in-
crease as the fires became fully merged, as shown for cyclo-
hexane in Figure 43.

A comparison of Figure 15 and Figures 36, 39, and 42
shows that the burning rates of the interacting or merging
flames were always higher for the exposed-rim burners than
for rimless burners of the same size; in fact, the peak hexane
burning rate for the exposed-rim burners was more than twice

as great as the peak burning rate for the rimless burners.



218
The greater burning rates of the exposed-rim burners were
caused by the conduction of heat through the exposed burner
wall to the fuel.

The curves of radiation flux to the surroundings as a
function of burner separation were seen to correspond closely
to the nine-burner average burning rate curves. for the cor-
responding tests when either exposed-rim or rimless burners
were used. In addition, the maximum values of flame radia-
tion measurements made at the center of the rimless~burner
array occurred at the same burner separation distances as
the maximum values of the corresponding center-burner burning
rate curves,

The burning rate of liquid-fueled fires is heavily
dependent on the heat feedback from flame to fuel. The rim-
less burners were designed so that conduction of heat through
the burner walls to the fuel could be considered negligible.
The trends in the burning rate versus burner separation curves
for these rimless-burner tests can therefore be explained by
considering the variations in radiative and convective heat
feedback to the fuel. The main cause of the large increase
in burning rate as the fires begin to merge is_the increase
in radiation to the fuel surface from the adjacent flames,
although increased convective heat feedback due to the
proximity of other fires contributes to the burning rate
increase. For the smaller as well as the more transparent

fully-merged fires, the blockage of air to the fire array
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center by the outer portion of the fire array causes a de-
crease in heat feedback to the fuel with a resulting drop
in burning rate. For the larger as well as the more opaque
merged fires, the increased radiative heat feedback to the
peripheral-burner fuel due to the change in fire column
shape is enough to offset any decrease in convective heat
feedback; therefore, the peripheral-burner burning rates
did not drop as these fires became fully merged.

Burning rate correlations were developed which allow
the burning rate of interacting or merging, multiple, liquid-
fueled fires to be predicted. These correlations were developed
for two situations: where heating of the fuel-source rim is
an important mode of heat feedback to the fuel {(exposed-rim
burners), and where this heating is unimportant (rimless bur-
ners) . Correlations of the nine-burner average burning rates
for the exposed~rim burners were developed which have the

general form

b
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For the rimless burners, the burning rate correlations have

the general form
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for the center~burner burning rate and
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b a
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for the nine-burner average burning rate. a" and "b" are
empirical constants having different values for the center
and average rimless-burner rates as well as the burning rates
of the exposed-rim burners. Only the burning rate of a sin-
gle source of the fuel, along with several properties of the
fuel such as heat of combustion,(AHc), the heat of vaporiza-
tion plus the sensible heat of raising the fuel from ambient
temperature up to the boiling point_(AHV), and the ratio of
fuel vapor density to ambient air density (pg/pa), needs to
be known. The burning rate at the onset of merging, as well
as the separation distance between the multiple fuel sources
at which this merging occurs, can be predicted from Figures
19 or 20 for the exposed-rim burners, and from Figures 65 and
66 for the rimless burners.

As shown in Figures 38 through 40, the peak values of
n-hexane burning rate per unit area at the onset of merging
(m_) showed little or no increase as the burner size was in-
creased. For opadque flames from fuels such as n-hexane, much
of the radiation from the merged fire column is absorbed by
the fire itself before it can reach the fuel; therefore, the
larger flame columns over the large burners contribute liftle
extra radiation back to the fuel surface. 1In addition, for

the fuels with opaque flames, the ratios of burning rate at
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the onset of merging to the burning rate under interaction-
free conditions (mp/ms) were observed to become smaller with
increasing burner size. For the more transparent acetone
fires these ratios (mp/ms) continued to increase with bur-
ner diameter but at a progressively reduced rate.

The above mentioned trends in burning rates as the
fire size became larger indicates that the burning rate en-
hancement due to merging will become less as the fire size is
increased. The burning rates per unit area for the merging
fires (mp), as well as the ratio (mp/ms), may well become
constant for somewhat larger fire sizes than those tested in
the present studies. If these burning rates do indeed be-
come constant the merging-fire burning rate trends would be
in accord with the burning rate trends observed by Blinov
and Khudiakov for single-burner fires over a large range of
burner sizes.

As will be discussed further in Appendix B, interest-
ing similarities can be seen between the heat feedback to
the fuel source of a very large single fire and to the center
fuel source of an array of small multiple fires. These simi-
larities in heat feedback lead to the possibility of predicting
large-fire burning rates by burning small multiple fires.

In order to investigate larger multiple fires than
those of the present study, as well as large single fires,

a larger indoor testing facility would be needed. Due to

the sensitivity of the liquid-fueled fires to stray winds,.
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adeguate control over these fires cannot be exercised un-
less such tests are conducted indoors. A more adequate
ventilation system would be necessary, enabling larger fires
from fuels such as benzene to be studied. An improved
ventilation system would also allow more reliable measure-
ments to be made of the radiation flux to the surroundings
for the large fires since smoke and combustion gases would

not collect in the test room during a test.
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TABLE 1

SUMMARY OF EXPOSED-RIM BURNER FL%ME INTERACTION
AND MERGING DATA

Run c Burner Dimensionless Average
No.b Fuel Diameter Separation Burning
(inches) S/D Rate >
(1b/hr-£ft~)

1 A 1.25 8.5 27.0

2 A 1.25 6.9 24.0

3 A 1.25 6.1 28.7

4 A 1.25 5.3 32.0

5 A 1.25 4.5 34.6

6 A 1.25 3.7 28.6

7 A 1.25 2.8 37.1

8 A 1.25 2.1 45.8

9 M 1.25 8.5 14.7
10 M 1.25 6.9 14 .4
11 M 1.25 6.1 11.8
12 M 1.25 5.3 14.2
13 M 1.25 4.5 14.9
14 M 1.25 3.7 13.2
15 M 1.25 2.8 13.2
16 M 1.25 2.1 13.2
17 A 2.063 4.4 19.8
18 A 2.063 6.3 17.1
19 A 2.063 5.4 17.5
20 A 2,063 3.4 22.0
21 M 2.063 6.3 8.2
22 M 2.063 5.4 9.0
23 M 2.063 4.4 8.6
24 M 2.063 3.4 8.2
25 M 2.063 2.9 9.5
26 M 2.063 2.4 9.7
27 M 2.063 2.0 11.3
28 M 2.063 1.5 12.8
29 M 2.063 2.4 11.1
30 A 2.063 2.9 32.7
a

9-burner circular pattern
Run number denotes sequence in which tests were made.
Fuels are denoted as follows: A — acetone; M - :methanol.

b
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TABLE 1 (Continued)

Run Burner Dimensionless Average
No.P Fuel® Diameter Separation Burning
{inches) sS/D Rate 5
(1b/hr-£t°)
31 A 2.063 2.4 43.8
32 A 2.063 2.0 51.0
33 A 2.063 1.5 44.7
34 A 2.563 3.2 26.8
35 A 2.563 2.5 42.0
36 A 2.563 4.0 17.7
37 M 2.563 4.0 8.4
38 M 2.563 3.2 11.6
39 M 2.563 2.5 11.8
40 M 2.563 2.1 12.1
41 M 2.563 1.7 12.6
42 A 2.563 2.1 40.0
43 M 2.563 5.2 8.9
44 A 2.563 5.2 15.5
45 M 2.563 4.0 9.4
46 A 2.563 6.7 15.6
47 M 2.563 6.7 8.5
48 A 2.563 8.3 15.2
49 A 2.563 4.0 19.5
50 A 2.563 3.6 21.3
51 A 2.563 7.5 15.6
52 A 1.25 1.3 32.0

bﬁun numberAdéhdtés‘sééuénce in which tests were made.
Fuels are denoted as follows: A - acetone; M -
methanol.



TABLE 2

SUMMARY OF EXPOSED~-RIM BURNER FLAME INTERACTION AND MERGING DATA

Runb c Burner Dimensionless Average Radiometer
No. Fuel Dimensions Separation Burning Readings
{inches) (s/D) Rate 2 2
(1bs/hr-£t”) (Btu/ft“-sec)

57 A 4-3/16 (Circular) 6.96 13.0 -
58 A 6.24 15.3 -~
59 A 5.76 14.4 -
60 A 5.28 15.1 ~--
61 A 4.80 15.2 -
62 A 4.33 14.5 --
63 A 3.84 15.1 -
64 A 3.36 15.3 -
65 A 2.87 18.6 -
66 A 2.65 20.0 -—
67 A 2.41 28.0 -
68 A 2.17 36.8 -
69 A 1.93 38.5 -
70 A 1.69 40.3 --
71 A 1.45 35.0 -
75 H 6.95 33.8 -
76 H 6.25 37.0 --
77 H 5.75 39.7 -
78 H 5.27 48.0 --
79 H 4.80 53.0 -
80 H 4 .32 69.5 -
8l H 3.84 74.5 -
82 H 3.36 82.6 -

3Radiometer position at level of top of burners and 32 inches from edge of
circular burning table top (64 inches from center of table).

bRun number denotes sequence in which tests were made.

CFuels denoted as follows: A-acetone; B-benzene; C-cyclohexane; H-hexane;
M-methanol; NTS-Napalm Test Solvent

92t



TABLE 2 (Continued)

Runb Fuel® Burner Dimensionless Average Radiometer
No. Dimensions Separation Burning Readings
(inches) (s/D) Rate 2 2
(1bs/hr-£ft°) (Btu/ft“-sec)
83 H 4-3/16 Circular) 2.88 87.5 -
84 H 1.94 103.0 -
86 H 1.33 74.5 -
87 M 6.95 9.6 -
88 M 6.25 12.2 -
89 M 5.27 11.3 -
90 M 4.32 10.5 -
91 M 3.36 10.5 -
92 M 2.88 11.3 -
93 M 1.93 12.4 -
94 M 1.33 16.5 -
95 A 3 x 3 (Square) 5.84 21.1 -
96 A 5.16 24 .2 -
97 A 3.83 30.6 -
98 A 3.16 36.8 -
99 A 2.50 51.4 -
100 A 2.16 63.0 -
101 A 1.83 61.0 -
102 A 1.50 47.0 -
103 A 1.00 27.3 -
104 H 6.17 66.6 -
105 H 5.16 68.6 --
106 H 4.50 103.2 -
107 H 3.83 105.6 -
108 H 3.16 138.5 -
109 H 2.50 118.5 -
110 H 2.16 103.5 -
111 H 1.83 103.0 —_
112 H 1.50 90.9 -

8Radiometer position at level of top of burners and 32 inches from edge

circular burning table top (64 inches from center of table).

bRun number denotes sequence in which tests were made.
CFuels denoted as follows: A-acetone; B-benzene; C-cyclohexane; H-hexane;

M-methanol; NTS-Napalm Test Solvent.

e SR S e
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TABLE 2 (Continued)

Rung Fuel® Burner Dimensionless Average Radiometgr
No. Dimensions Separation Burning Reading
(inches) (s/D) Rate 2 5
(lbs/hr-£ft~) (Btu/ft°-sec)
113 C 3 x 3 (Square) 6.17 72.2 0.141
114 C 5.16 83.7 0.163
115 (o} 4.50 103.0 0.179
116 (o4 3.83 134.5 0.235
117 C 3.16 142.5 0.238
118 c 1.83 112.5 0.191
119 c 2.50 130.0 0.218
120 C 1,50 100.0 0.175
121 (] 1.00 67.6 0.120
122 H 1.00 67.5 0.128
123 B 6.17 126.5 0.184
124 (o4 4-3/16 (Circular) 6.24 57.2 0.113
125 (] 5.28 59.6 0.128
126 (o 4.33 70.0 0.163
127 c 3.84 76.5 0.195
128 C 3.36 91.0 0.222
129 C 2.87 98.6 0.234
130 C 2.17 81.2 0.179
131 c 1.93 84.4 0.184
132 c 1.31 78.6 0.175
133 NTS 3 x 3 (Square) 6.17 100.0 0.140
134 NTS 5.16 114.0 0.143
135 NTS 4.5 134.0 0.185
136 NTS 4.0 179.0 0.244
137 NTS 3.16 161.0 0.238
138 NTS 2.5 154.0 0.218
139 NTS 1.83 133.5 0.175
140 NTS 1.0 94 .5 0.113

8ce

3Radiometer position at level of top of burners and 32 inches from edge of
circular burning table top (64 inches from center of table).

bRun number denotes sequence in which tests were made.

CFuels denoted as follows: A-acetone; B-benzene; C-cyclohexane; H-hexane;
M-methanol; NTS-Napalm Test Solvent.



TABLE 2 (Continued)

Runb Fuel® Burner Dimensionless Average Radiometer
No. Dimensions Separation Burning Reading
(inches) (s/D) Rate

(lbs/hr-ftz) (Btu/ftz—sec)

141 NTS 4-3/16 (Circular) 6.24 50.7 0.135
142 NTS 5.28 74.6 0.147
143 NTS 4,33 88.2 0.187
144 NTS 3.84 97.0 0.214
145 NTS 3.36 105.0 0.244
146 NTS 2.87 - 0.248
147 NTS 2.41 97.0 0.195
148 NTS 1.93 80.0 0.156
149 NTS 1.31 - 0.206
150 M 3 x 3 (Square) 6.17 14.5 0.007
151 M 4.5 12.7 0.007
152 M 3.16 12.7 0.005
153 M 2.5 13.5 0.005
154 M 1.83 15.2 0.007
155 M 1.0 14.2 0.008
156 B 3 x 3 (Square) 5.16 133.4 0.206
157 B 4.5 172.0 0.230
158 B 3.83 205.1 0.270
159 B 3.16 172.0 0.274
160 B 2.5 169.0 0.253
161 B 1.83 137.0 0.222
162 B 1.0 94.6 0.215

6¢C¢

3Radiometer position at level of top of burners and 32 inches from edge of
circular burning table top (64 inches from center of table).

bRun number denotes sequence in which tests were made.

CFuels denoted as follows: A-acetone; B-benzene; C-cyclohexane; H-hexane;
M-methanol; NTS-Napalm Test Solvent.



TABLE 3

SUMMARY OF RIMLESS-BURNER FLAME INTERACTION AND MERGING DATA®

Burning Rate 2 Radiation Flux Radiation Average
Run® Nominal Dimensionless Per Unit Area (lb/hr-ft*) to Surroundings (Btu/ft°“-sec) Flux to Average Flame
No. Fuel Burner Burnex Center Flgme Column
?;am:te; Sep;;gtxon Center Peripheral 9-Burner x=77.5 x=106.5 x=153.75 Radiogeter QELEht s cr?’“‘l
inches Burner Burners Average {inches) (inches) (inches) {Btu/ft<-sec) (inches) A§§§1?2:2)

1201 M 4 4.9 10.9 9.5 9.6 - - - - 8 --
1202 M 4 4.0 11.3 11.5 11.4 - - - - 8 -
1202-A M 4 4.0 9.4 10.6 10.4 i - - - 7 -
1203 M 4 3.5 8.5 8.8 8.8 -- - - -- -~ -
1203-A M 4 3.5 9.4 9.3 9.3 - - - - - -
1204 M 4 3.25 10.0 9.7 9.7 - - - —-— ? -—
1205 M 4 3.0 9.8 9.7 9.7 - - - - 7 -
1206 M 4 2.75 9.6 9.7 9.7 - -~ - 0.77 6 -
1207 M 4 2.5 9.6 12.4 12.0 - - - 1.03 ? -
1208 M 4 2.25 9.6 12.4 12.0 - - - 1.60 7 -
1209 M 4 2.0 10.7 11.5 11.4 -- - - 1.76 7 -
1212 M 4 1.75 10.4 10.4 10.4 0.0062 - - - 8 --
1213 M 4 1.5 14.3 11.3 11.6 0.0096 - -- - 16 -
1301 M 6 7.1 7.9 9.0 8.9 0.0123 0.0069 - 0.28 7 -
1302 M 6 5.1 7.9 9.9 9.7 0.0131 0.0069 -— 0.28 7 -
1303 L} 6 3.75 8.4 9.3 9.2 0.0131 0.0077 - 0.38 10 -—
1304 M 6 3.2 8.4 10.5 10.3 0.0127 0.0073 - 0.50 9 -
1305 M 6 2.8 8.9 10.4 10.2 0.0127 0.0077 - 0.55 8 --
1306 M 6 2.5 8.9 10.0 10.0 0.0138 - - 0.70 9 -
1307 M 6 2.3 9.0 10.3 10.0 0.0108 - -- 0.70 10 -
1308 M 6 2.2 10.0 11.1 11.0 0.0138 - -- 0.93 9 -
1309 M 6 2.0 10.2 10.9 10.8 0.0131 - - 1.08 11 --
1309-A M 6 2.0 10.7 10.9 10.9 0.0131 - -- 0.95 11 -
1310 M 6 1.8 11.3 11.2 11.2 0.0146 -— - 1.30 10 -
1310-A M 6 1.8 10.2 10.8 10.7 0.0123 - - 1.23 11 -
1311 M 6 1.5 13.9 11.2 11.5 0.0150 - - 2.02 - -

89_Burner circular Pattern.
bE‘uels are denoted as follows: A - acetone; B - benzene; C - cyclohexane; H - n-hexane; M - methanol.

Csee footnote at end of Table 3.
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TABLE 3 (Continued)

Burning Radiation Flux 2 Radiation Average

Run® Nominal Dimensionless Per Unit Area (lb/hr-ftz) to Surroundings (Btu/ft<-sec) Flux to Average Flame

NO. Puelb Burner Burner Center ::?Z:t g:;:gn

Diameter Separation Center Peripheral 9-Burner x=77.5 x=106.5 x=153.75 Radiometer f : ;

(inches) s/p Burner Burﬁe:s Average (inches) (inches) (inches) (Btu/ft2-sec) {inches) :i::l?zt%)

2101 A 2 15.5 12,2 14.1 13.9 0.0021 - - 0.28 7 -
2102 A 2 9.5 10.9 12.8 12.6 0.0022 - - 0.28 7 -
2103 A 2 6.5 12.6 14.1 13.9 0.0025 - - 0.38 8 -
2104 A 2 5.5 13.9 14.1 14.1 0.0033 - - 0.45 8 -
2105 A 2 4.5 13.1 15.0 14.8 0.0033 - - 0.60 9 .
2106 A 2 4.0 14.3 15.0 14.9 0.0036 - - 0.77 9 -
2107 A 2 3.5 18.2 15.9 16.1 0.0036 - -— 1.03 9 -
2108 : 2 3.0 26.5 16.3 18.5 0.0045 - - 1.60 13 0.6
2109 A 2 2.5 34.1 21.6 23.0 0.0058 - - 1.76 14 0.9
211¢ A 2 2.0 34.1 21.2 22.6 0.007s - - 1.63 27 1.1
2201 A 4 6.0 11.5 14.6 14.2 0.0154 - - 0.50 12 -—
2202 A 4 7.9 11.5 13.9 13.6 0.0161 - - 0.30 12 -
2203 A 4 10.0 12.1 13.2 13.1 0.0177 0.0100 - 0.38 13 -
2204 A 4 4.4 14.5 15.2 15,1 0.0169 - - 0.95 13 -
2205 A 4 4.0 16.6 16.3 16.3 0.0177 - - 1.03 15 -
2206 A 4 3.5 18.3 18.1 18.1 0.0177 0.0100 0.0046 1.35 15 -
2207 A 4 3.25 17.5 17.2 17.2 0.0192 0.0123 0.0062 1.40 15 2.0
2207-A A 4 3.25 25.9 19.3 20.0 0.0231 0.0131 0.0073 1.05 17 2.1
2208 A 4 3.0 22.1 19.2 19.5 0.0200 0.0123 0.0062 1.50 18 2.0
2208~A A 4 3.0 30.9 21.5 22.5 0.0261 0.0154 0.0092 1.20 19 2.4
2209 A 4 2.75 25.3 18.3 19.0 0.0208 0.0131 0.0054 2.08 19 1.w
2209-A A 4 2.75 30.7 19.3 20,5 0.0238 0.0150 0.0088 1.80 - -
2210 A 4 2.5 28.1 22.5 23.1 0.0238 0.0138 0.0069 2.68 23 2.1
2211 A 4 2,25 37.1 23.4 24.8 0.0315 0.0161 0.0¢85 3.45 31 2.5
2212 a 4 2.0 40.9 23.8 25.7 0.0354 0.0192 0.0092 3.90 43 2.9
2212-a A 4 2.0 50.3 30.0 32,1 0.0415 0.0246 0.0138 2.35 41 3.4
2213 A 4 1.75 36.6 29.6 30.3 0.0346 0.0177 0.0092 3.45 47 3.9
2213-A A 4 1.75 41.0 28.1 29.4 0.0400 0.0231 0.0138 1.70 43 3.8
2214 A 4 1.5 27.7 23.4 23.8 0.0300 0.0169 0.,0085 2.85 49 3.5
2215 A 4 Single Burner 13.6 -— 13.6 0.0019 - - 2.84 14 0.3

1€c

I

bFuels are denoted as follows: A - acetone; B - benzene; C - cyclohexane; H - n-hexane; M - methanol.

SSee footnote at end of Table 3.



TABLE 3 (Continued)

Burning Rate

Radiation Flux Average

Run® b Nominal Dimensionless Per Unit Area (lb/hr-ft2) to Surroundings (Btu/ft2-sec) R;f;:t:gn Average Flame
No. Fuel Burn:r Burn:§ Center algm:t golumn
Diameter  Separation Center Peripheral 9-Burner x=77.5 x=106.5 x=153.75 Radiometer €18 ross-
(inches) 5/D Burner Burmers  Average (inches) (inches) (inches) (Btu/gt2-gec) (inches) Zectiond)
2301 A 6 8.4 15.4 15.7 15.7 0.0630 0.0399 0.0284 0.50 15 -
2302 A 6 6.4 19.0 16.9 17.1 0.0569 0.0384 0.0284 0,50 14 -
2303 A [ 5.1 19.2 19.4 19.4 0.0646 0.0423 0.0323 0.75 17 --
2303-A A 6 5.1 16.5 16.0 16.1 0.0408 0.0238 a.0154 - 16 -
2304 A 6 3.75 18.1 17.9 17.9 0.0484 0.0285 0.0169 1.08 21 -~
2304-A A 6 3.75 20.0 17.5 17.7 0.0461 0.0261 0.0161 - 20 -
2305 A 6 3.2 24.0 20.2 20.6 0.0576 0.0338 0.0177 1.98 20 -
2306 A 6 2.8 29.0 21.2 22,1 0.0654 0.0377 0.0207 2.78 24 3.8
2307 A 6 2.6 34.1 22.9 24.1 0.0707 0.0399 0.0215 3.30 27 3.8
2308 A 6 2.4 36.5 22.1 23.7 0.0769 0.0477 0.0284 3.90 27 4.1
2309 A 6 2,25 48.4 25,2 27.8 0.0946 0.0576 0.0346 4.43 40 4.5
2310 A 6 2.1 52.8 26.6 29.5 0.1015 0.0600 0.0369 4.15 42 5.7
2310-A A 6 2.1 65.3 30.7 34.6 0.1015 0.0600 0.0361 - 50 5.8
2311 A 6 1.9 50.5 26.5 29,1 0.0984 0.0576 0.0384 4.63 58 6.2
2311-a A 6 1.9 55.8 30.1 32.9 0.0961 0.0561 0.0354 - 53 6.2
2312 A 6 1.75 46.7 24.0 26.5 0.0946 0.0576 0.0354 4.25 56 6.1
2313 A 6 1.5 35.4 24.4 25.6 0.0769 0.0454 0.0246 4.13 52 6.1
2314 A 6 Single Burner 13.4 - 13.4 0.0042 - - 3.75 18 0.6
3101 H 2 17.5 12.1 12.5 12.4 0.0082 - -— 0.375 9 -
3102 H 2 11.5 14.5 15.9 15.7 0.0092 0.0052 . 0.0035 0.45 8 -
3103 H 2 7.75 20.8 16.7 17.1 0.0098 0.0055 0.0033 0.50 10 -
3104 H 2 6.5 24.8 17.8 18.5 0.0106 0.0058 0.0034 1.35 12 -
3105 H 2 5.5 33.2 20.3 21.7 0.0118 0.0062 0.0035 1.80 12 -
3106 H 2 5.0 27.2 18.8 19.7 0.0104 0.0058 0.0032 1.60 15 -
3107 H 2 4.5 42.5 23,2 25.3 0.0141 0.0073 0.0038 2.30 14 1.3
3108 H 2 4.0 46.8 24.7 27.1 0.0159 0.0085 0.0042 2.93 19 1.4
3109 H 2 3.5 71.6 39.1 42.6 0.0261 0.0140 0.0075 4.20 28 1.7
3110 H 2 3.0 70.2 36.8 40.4 0.0259 0.0131 0.0067 3.83 33 2.0
3111 H 2 2.5 59.5 30.9 34.0 0.0193 0.0106 0.0056 3.38 33 2.1
3112 H 2 2.0 38.6 30.9 31.7 0.0171 0.0088 0.0044 2,70 31 2.2
3113 H 2 Single Burner 10.6 - 10.6 0.0015 - - 0.30 12 0.3
b,

FPuels are.denoted as follows:

Csee footnote at end of Table 3.

A - acetone; B - benzene; C ~ cyclohexane; H - n-hexane; M - methanol.
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TABLE 3 (Continued)

Burning Rate Radiation Flux Radiation Average

Run® b Nominal Dimensionless Per Unit Area (lb/hr—ftz) to Surroundings (Btu/ftz—sec) Flux to Average Flame

No. Fuel Burner Burner Center Flame Column

?;::gtgf Sepg;:tion Center Peripheral 9-Burner x=77.5 x=106.5- x=153.75 Radiometer Height s C:qss;l
€ Burner Burners  Average (inches) (inches) (inches) (Btu/ft2-~sec) Ai:al?ztz)

3201 H 4 8.75 20.1 17.1 17.4 0.0469 0.0261 0.0185 0.75 13 -
3202-A H 4 7.9 20.4 18.3 18.5 0.0438 0.0246 0.0169 0.53 15 -
3203 H 4 5.9 25.7 20.0 20.6 0.0500 0.0269 0.0177 0.93 15 -
3204 H 4 4.4 38.0 22.5 24.1 0.0569 0.0277 0.0161 1.80 16 -
3205 H 4 4.0 54.5 27.1 30.0 0.0677 0.0369 0.0231 2.70 22 -
3206 H 4 3.5 75.5 34.3 38.8 0.0884 0.0484 0.0323 4.13 24 -
3207 H 4 3.25 78.3 39.5 43.7 0.0984 0.0561 0.0331 4.13 - -
3207-A H 4 3.25 8l.4 42.0 46.3 0.0961 0.0523 0.0300 - 38 4.2
3208 H 4 3.0 8l.1 39.5 44.0 0.1038 0.0584 0.0346 4.43 - 4.3
3208-A H 4 3.0 78.7 40.6 44.7 0.0892 0.0438 0.0223 ~- 41 4.3
3209 H 4 2.75 8l.1 41.6 45.9 0.1100 0.0615 0.0361 4.65 43 4.9
3209~-A H 4 2.75 76.8 45.1 48.5 0.0946 0.0554 0.0308 - 51 4.8
3210 H 4 2.5 77.6 42,7 46.4 0.1100 0.0615 0.0361 4.58 52 5.5
3210-A H 4 2.5 73.4 41.8 45.2 0.1015 0.0600 0.0308 ~— 62 5.4
3211-A H 4 2,25 62.5 43,2 45.3 0.1000 0.0577 0.0346 -~ 57 6.1
3212 H 4 2.0 52.4 44.8 45.5 0,1000 0.0600 0.0346 3.45 63 5.9
3212-A H 4 2.0 57.3 45.3 46.5 0.1077 0.0596 0.0346 - 67 6.9
3213-A H 4 1.75 46.2 39.0 39.7 0.0825 0.0438 0.0208 - 67 6.3
3213-B H 4 1.75 55.8 41.5 43.0 0.0846 0.0492 0.0285 - 57 6.0
3214-A H 4 1.5 49.4 37.5 38.7 0.,0715 0.0385 0.0208 -— 56 4.9
3214-B H 4 1.5 48.7 44.0 44.4 - - - ~~ sS4 4.6
3215 H 4 Single Burner 25.4 - 25.4 - - - 0.63 19 0.8

bFuels are denoted as follows: A - acetone; B - benzene; C - cyclohexane; H - n-hexane; M -~ methanol.

Ssee footnote at end of Table 3.
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TABLE 3 (Continued)

ved

Burning Rate Radiation Flux Radiation Average
Runc b Nominal Dimensionless Per Unit Area (1b/hr~£t2) to Surroundings (Btu/ftz—sec) Flux to Average Flame
No. Fuel Burner Burner Center Fléme Column
Dgamgter Separation Center Peripheral 9-Burner x=77.5 x=106.5 X=153.75 Radiogetet (gelgh:) s c:?SH;I
(inches) s/D Burner  Burners Average (inches) (inches) (inches) (Btu/ft4-gec) ‘inche Aigal72t2)
3301 H 6 8.4 19.9 22.6 22.3 0.1153 0.0615 0.0361 0.20 15 -
3301-A H 6 8.4 18.6 22.2 21.8 0.1153 0.0615 0.0368 0.23 17 -
3302 H 6 6.4 19.9 22.6 22.3 0.1015 0.0554 0.0361 0.43 - -
3303 H 6 5.1 28.4 23.2 23.8 0.1023 0.0538 0.0338 0.65 - -
3304 H 6 3.75 57.7 27.4 30.7 0.1291 0.0731 0.0361 2.93 18 -
3305 H 6 2.8 80.5 37.4 42.2 0.1884 0.0884 0.0492 4.43 - -
3306-A H 6 2.6 81.9 43.0 47.3 0.2076 0.1115 0.0631 3.45 80 12.1
3307 H 6 2.4 74.5 41.6 45.2 0.1923 0.0984 0.0538 3.45 81 9.6
3307-A H 6 2.4 75.5 40.3 44.2 0.1692 0.0923 0.0569 4.73 74 8.9
3308 H 6 2,25 66.1 38.8 41.8 0.1l615 0.0877 0.0500 3.00 79 11.4
3308-A H 6 2.25 69.5 40.4 43.6 0.1730 0.1023 0.0638 4.43 65 10.4
3309 H 6 2.1 72.6 43.3 46.6 0.1692 0.0938 0.0538 3.08 77 10.3
3309-A H [ 2.1 72.6 41.6 45.0 0.1747 0.1015 0.0615 4.13 65 8.9
3310 H 6 1.9 71.2 49.2 | 51.6 0.1730 - - 2.63 82 -
3311 H 6 1.75 61.0 45.4 47.1 0.1676 0.1015 0.0554 2.70 85 11.7
3312 H 6 1.5 61.5 47.8 . 49.3 0.1530 0.0777 0.0400 2,55 75 11.0
3312-A H 6 1.5 55.4 46.8 47.7 - - - - - -
3313 H 6 Single Burner 22.5 - 22.5 0.0146 0.0087 0.0056 0.40 30 1.5
4101 C 2 17.5 17.8 16.0 16.2 0.0088 0.0046 0.0021 0.25 9 -
4102 c 2 11.5 12,2 18.8 18.1 0.0092 0.0050 0.0023 0.63 9 -
4103 (o4 2 7.75 18.7 18.8 18.8 0.0094 0.0052 0.0028 0.88 10 -—
4104 (o] 2 6.5 20.0 22.0 21.8 0.0098 0.0056 0.0032 0.94 8 -
4105 C 2 5.5 40.4 29.3 30.6 0.0181 0.0119 0.0080 - 13 -
4106 C 2 5.0 45.0 28.6 30.5 0.0200 0.0127 0.0087 - 12 -
4107 c 2 4.5 55.6 37.5 39.5 0.0240 0.0146 0.0088 - 15 1.1
4108 C 2 4.0 62.3 34.7 37.9 0.0246 0.0154 0.0100 - 16 1.3
4109 C 2 3.5 838.0 51.6 55.8 0.0346 0.0208 0.0123 - 28 2.1
4110 C 2 3.0 81.4 48.8 52.5 0.0311 0.0185 0.0100 - 29 2.1
4111 o4 2 2.5 82.8 55.4 58.7 0.0315 0.0161 0.0069 - 33 2.5
4112 c 2 2.0 54.7 51.4 51.8 0.0246 0.0154 0.0069 - 32 2.5
b,

Fuels are denoted as follows: A - acetone; B - benzene; C - cyclohexane; H - n-hexane; M - methanol.

“see footnote at end of Table 3.



TABLE 3 (Continued)

Burning Rate 2 Radiation Flux Radiation Average
Run® b Nominal Dimensionless Per Unit Area (lb/hr-£ft<) to Surroundings (Btu/ft2-sec) Flux to Average Flame
No. Fuel Burner Burnex Center Fl?me Column
D§am§ter Separation Center Peripheral 9-Burner x=77.5 %x=106.5 x=153.75 Radiometer gelght) s C:955;1
(inches) s/D Burner  Burners Average (inches) (inches) (inches) (Btu/ft-sec) (inches Aizal?gtz)
4201 [+ 4 10.9 16.8 16.9 l6.8 0.0392 0.0177 0.0073 - 12 -
4202 [o] 4 7.9 28.1 18.4 19.5 0.0400 0.0192 0.0092 - 12 -
4203 [od 4 5.9 17.7 18.7 18.6 0.0361 0.0200 0.0100 - 13 -
4204 [od 4 5.0 27.3 23.1 23.5 0.0488 0.0261 0.0135 0.78 14 -
4205 c 4 4.0 60.3 34.2 37.0 0.0707 0.0392 0.0238 2.00 20 -
4206 [o] 4 3.5 73.5 42.4 45.8 0.0984 0.0531 0.0323 2,70 33 3.9
4207 C 4 3.25 85.9 46.1 50.4 0.1000 0.0500 0.0269 3.15 38 5.0
4208 c 4 3.0 86.7 48.4 52.5 0.1077 0.0531 0.0323 3.68 40 4.3
4209 (o] 4 2.75 85.9 53.5 56.9 0.1100 0.0523 0.0308 3.60 41 4.4
4210 c 4 2.5 8l.8 49.2 52.7 0.1115 0.0600 0.0338 4.13 47 4.0
4210-A (o] 4 2.5 77.7 52.0 54.8 0.0961 0.0538 0.0346 4.13 43 4.2
4211 C 4 2,25 78.5 51.8 54.7 0.1061 0.0592 0.0354 3.08 50 4.7
4212 C 4 2.0 74.3 52.7 55.0 0.0984 0.0538 0.0292 2.78 45 6.3
4213 c 4 1.75 65.2 50.8 52.3 0.0946 0.0554 0.0323 2,23 48 5.9
4214 c 4 1.5 47.1 43.7 43.9 0.0769 0.0446 0.0246 1.88 58 3.7
4301 (o] 6 8.4 22.0 19.7 19.9 0.0961 0.0500 0.0308 0.18 13 -
4302 c 6 6.4 26.6 22.5 23.0 0.0869 0.0477 0.0323 0.30 13 -
4303 Cc 6 5.1 28.6 23.7 24.3 0.0900 0.0477 0.0323 0.50 15 -
4304 o] 6 3.75 48 .4 28.7 30.9 0.1192 0.0577 0.0385 1.18 15 -—
4305 C 6 3.4 64.9 32.7 36.3 0.1382 0.0692 0.0400 1.60 21 -
4306 [od 6 2.8 83.6 41.8 46.4 0.2076 0.0846 0.0538 3.60 52 8.6
4307 [od 6 2.6 83.6 41.8 46.4 0.2076 0.0846 - 3.e8 74 10.1
4308 c 6 2.4 79.2 42.6 46.6 0.1846 - —~ 3.88 54 7.4
4309 (o] 6 2.25 78.1 45.0 48.7 0.1846 - - 3.30 55 7.6
4310 (o] 6 2.1 72.6 44.2 47.4 0.1769 - - 3.23 70 9.2
4311 C 6 1.9 68,2 47.7 49.1 0.1846 0.0907 0.0538 3.23 70 10.0
4312 [od 6 1.75 62,7 46.3 48.1 0.1492 0.0807 0.0500 3.15 72 8.8
4313 c 6 1.5 60.5 46.7 48.2 0.1846 - -~ 2.78 70 10.8
4314 (] 6 Single Burner 25.4 - 25.4 0.1730 0.1023 0.0669 0.63 28 1.8

cee

bFuela are denoted as follows: A - acetone; B -~ benzene; C - cyclohexane:; H - n-hexane: M -~ methanol.

Csee footnote at end of Table 3.



TABLE 3 (Continued)

c Burning Rate 2 Radiation Flux Radiation Average
Run b Nominal Dimensionless Per Unit Area (1lb/hr-£ft*) to Surroundings (Btu/ftz—sec) Flux to Average Flame
No. Puel Burner Burner Center Flame Column

?;:252:: Sep;;;txon Center Peripheral 9-Burner x=77.5 x=106.5 x=153.75 Radiometer (g§232:) Segiggz;l
Burner Burners Average (inches) (inches) (inches) (Btu/ft2-sec) i (Area (ftz)
5101 B 2 17.5 33.2 32.3 32.4 0.0200 0.0108 0.0054 0.60 i -
5102 B 2 11.5 23.0 31.2 30.3 0.0138 0.0062 0.0015 0.40 8 ~-
5103 B 2 7.75 23.0 34.7 33.3 0.0215 0.0115 0.0062 - 11 ~-
5104 B 2 6.5 29.4 38.1 37.1 0.0223 0,0131 0.0062 -- 12 -
5105 B 2 5.5 56.6 37.2 39.5 0.0215 0.0138 0.0038 - - ~-
5106 B 2 5.0 60.9 41.3 43.6 0.0246 0.0131 0.0077 - - -~
5107 B 2 4.5 73.3 52.4 54.8 0.0308 0.0169 0.0046 - 9 -
5108 B 2 4.0 87.0 48.3 52.9 0.0346 0.0185 0.0123 - - -
5109 B 2 3.5 97.1 60.4 64.6 0.0408 0.0204 0.0142 - - ~-
5110 B 2 3.0 124.2 71.8 77.9 0.0423 0.0208 0.0112 - 23 1.4
5111 B 2 2.5 108.0 79.4 82.7 0.0431 0.0208 0.0081 - 34 2.7
5112 B 2 2.0 78.5 84.5 83.8 0.0454 0.0200 0.0092 - 28 2.0
b

Fuels are denoted as follows: A - acetone; B - benzene; C - cyclohexane; H - n~hexane; M - methanol.

®All run numbers for the rimless burner tests consist of four digits. The first digit denotes the fuel:
3 - n-hexane; 4 - cyclohexane; 5 ~ benzene. The second digit denotes the burner diameter and number of burners: 1 - 2-inch diameter
(?—yurners); 2 - 4-inch diameter (9-burners); 3 ~ 6~inch diameter (9-burners); 4 - 4-inch diameter (13-burners) . The third and fourth
digits denote the sequence in which a series of tests (a particular fuel, burner size and number of burners) was made. The letters A and
B after some of the run numbers denote that the test of a particular run number has been repeated under the {same conditions: A - first

repeat of a run; B ~ second repeat of a run. Example: Run No. 2307-A denotes a repeat of the seventh test of the series for which
acetone was burned in nine, 6-inch diameter rimless burners.

1 - methanol; 2 - acetone:;

9¢T



TABLE 4

SUMMARY OF RIMLESS-BURNER FLAME INTERACTION AND MERGING DATA®

c Burning Rate Per Unit Area Radiation Flux Radiation Average

Run p Dimensionless (1b/hr-£t2) to Surroundings (Btu/ft2-sec) Flux to Average Flame

ne- Fuel SeB::::EQn Center gézmgt ggégsf
P N . _ _ _ Radiometer ielg P

s/D Center Intermediate Peripheral 13~Burner x=77.5 x=106.5 x=153.7S (Btu/ft2-s (inches) Sectional
Burner Burners Burners Average (inches) (inches) (inches) ec) Area (ftz)

2401 A 4.0 14.1 13.8 13.9 13.9 0.0202 0.0096 0.0044 0.60 13 -
2402 A 3.5 16.1 14.8 15.4 15.2 0.0235 0.0123 0.0065 0.78 14 -
2403 A 3.0 18.8 16.5 15.0 15.2 0.0250 0.0146 0.0092 0.78 14 -
2404 A 2.5 25.1 19.8 16.6 18.2 0.0308 0.0185 0.0112 1.25 15 -—
2405 A 2.0 57.1 44.1 23.6 32.5 0.0554 0.0331 0.0185 2.55 25 3.7
2406 A 1.75 44.8 36.0 19.8 26.7 0.0500 0.0285 0.0157 3.68 28 -~
3401 H 4.0 29.3 25.5 18.7 21.6 0.0577 0.0331 0.0223 0.88 13 -
3402 H 3.5 35.1 32.0 20.3 25.0 0.0731 0.0438 0.0269 1.18 16 -
3403 H 3.0 48.5 49.4 26.1 35.0 0.0946 0.0570 0.0369 1.70 24 -~
3404 H 2.5 78.9 47.3 28.4 38.1 0.1099 0.0615 0.0377 3.68 27 -~
3405-A H 2.0 94.4 85.1 45.9 61.7 0.1592 0.0823 0.0461 3.98 SS 9.2
3406 H 1.75 83.9 78.8 47.6 59.9 0.1553 0.0807 0.0477 4.43 64 9.6
3407 H 1.5 71.5 72.5 50.0 58.4 0.1476 0.0846 0.0500 3.68 60 9.1
4401 c 4.0 29.2 26.1 17.9 21.3 0.0577 0.0323 0.0215 0.85 16 -~
4402 [o] 3.5 35.2 35.2 22.3 27.3 0.0731 0.0408 0.0277 1.12 15 -~
4403 Cc 3.0 58.5 47.5 25.3 34.6 0.0907 0.0492 0.0331 2.18 20 -~
4404 o] 2.5 77.1 71.7 34.5 49.2 0.1230 0.0638 0.0423 4.05 -— -~
4405 c 2.0 106.3 87.0 48.5 64.8 0.1575 0.0731 0.0423 4.13 58 7.3
4406 [+ 1.75 95.4 87.0 55.3 68.1 0.1692 0.0769 0.0523 4.50 - 6.6
4407 c 1.5 8l.s 78.2 60.9 67.8 0.1538 - -- 3.93 71 9.9

LEeT

31 3-burner pattern (4-inch diameter burners).

bFuels are denoted as follows: A - acetone; C - cyclohexane; H - n-hexane.

Ssee footnote at end of Table 3.



TABLE 5

DATA FOR EXPOSED-RIM BURNER FLAME MERGING CORRELATION

Fuel Burner AHC m a n m s
Pattern 28 s 2 P 5 EE (B)
v (1b/hx-£ft°) (1b/hr-£ft°) s P
Acetone 9-burner 48.5 16.5 70 4.24 2.1
n-hexane square 99.4 42.2 146 3.46 3.3
Cyc%ohexane pattern 91.0 47.9 150 3.13 3.7
NTS (3 x 3 87.2 62.1 179 2.88 4.0
Benzene inch 79.3 101.5 213 2.10 4.4
square
burner
Acetone 9~burner 48.5 16.5 40 2.44 1.7
n-hexane square 99.4 42 .2 103 2.44 2.0
Cyc%ohexane pattern 91.0 47.9 105 2.2 2.6
NTS (4 3/16- 87.2 62.1 121 1.95 2.8
inch
circular
burners)

3pata of 3 x 3-inch single square burner used.

b

Napalm test solvent.

BET



TABLE 6

DATA FOR RIMLESS BURNER FLAME MERGING CORRELATIONS

Nominal AH Single EQ TE (§) (gl
Fuela Burner Burner c Burner mg mg Dip Dip
Pattern Diameter AH Burning (Average (Center (Center (Outer
(inches) Rate 2 Burning Burner) Burner) Burners)
(1b/hr-£ft") Rate)
A 9-burner 2 48.5 11.5 2.0 3.0 2.5 2.5
H pattern 2 99.4 13.0 3.3 5.5 3.5 3.5
C 2 91.0 15.0 3.9 5.8 3.5 2.75
B 2 79.3 22.5 3.7 5.5 3.0 -
A 4 48.5 13.5 2.4 3.7 2.0 2.0
H 4 99.4 17.0 2.9 4.8 3.0 2.25
C 4 91l.0 17.5 3.3 5.0 3.0 2.75
A 6 48.5 14.0 2.5 4.6 2.1 2.1
H 6 99.4 18.5 2.8 4.4 2.6 2.75
Cc 6 91.0 20.0 2.5 4.2 2.75 -~
A 13-burner 4 48.5 13.5 2.4 4.22 2.0 2.0
H pattern 4 99.4 17.0 3.6 5.53 2.0 2.0
C 4 91.0 17.5 3.9 6.06 2.0 1.75

a

A = Acetone, H = n-Hexane, C = Cyclohexane, B = Benzene.

6€7¢
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TABLE 7

DATA FOR RIMLESS BURNER FLAME TRAILING CORRELATION

Velocity of Entrained
Air (Ft/Min)

Run, Fuel® Dimensionless Low Average_ High Flame

No. Burner Read- Reading Read- Trail-
Separation ing ing ing

Length

(inches)
2307A A 3.25 15 25 30 7.5
2403 A 3.0 20 27 35 6.0
2405 A 2.0 15 23 35 6.3
3201 H 8.75 13 19 22 5.0
3202 H 7.9 24 30 35 4.7
8202A H 7.9 27 33 37 5.3
8203 H 5.9 30 40 45 5.7
3204 H 4.4 45 50 55 7.6
3205 H 4.0 30 42 45 10.0
3301 H 8.4 25 35 45 10.5
3302 H 6.4 35 50 65 13.8
3303 H 5.1 60 90 100 12.0

aAverage anemometer readings are used in correlation.
bSee footnote at end of Table 3.
CFuels are denoted as follows: A - acetone; H -~

n-hexane,
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THE PREDICTION OF LARGE-FIRE BURNING RATES

FROM SMALL MULTIPLE FIRES

The behavior of the modes of heat transfer to the
fuel surface of a large single fire can be compared with
the behavior of the heat transfer back to the surface of
small multiple fires from liquid fuels. The similarities
between the heat feedback to a large single fire and to
the center fuel source of an array of small multiple fires
lead to the possibility of predicting large-fire burning
rates by burning small multiple fires.

As noted by Hottel (12) and expressed in Equation
1, radiative heat feedback will be constant and will pre-
dominate at large burner diameters. Conduction is an edge
effect and will be negligible for large burners. The
studies of Akita and Yumoto (1) showed that the contribu-
tion of convective heat transfer to the liquid decreases
with distance from the outer edge of the flame column base.
However, convective heat transfer is still present near the
center of the large fire since hot combustion gases are
often swept over the liquid fuel surface due to the turbu-
lent motion of the large fire column. A layer of unburned

fuel vapor is present over the entire portion of the large-
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fire fuel surface since the heat feedback causes the fuel
to vaporize faster than it can be consumed. This vapor
layer blocks some of the flame radiation to the fuel sur-
face since, as mentioned previously, data taken by Burgess,
et al. (6) showed that a fuel vapor tends to absorb its own
flame radiation.

In the present multiple fire studies, the burners
were recessed up to their rims in an insulated table surface
so that, as noted above for large single fires, the conduc-
tion of heat through the burner walls could be considered
negligible. As noted previously, the burning rate, par-
ticularly for the fuel in the center burner of the burner
pattern, was greatly increased by the presence of the sur-
rounding fires as these fires began to interact and merge.

As the multiple fires began to merge into one fire
column, the radiation heat transfer to the center-burner
fuel surface was greatly increased due to the presence of
the fire from the surrounding burners. For some of the more
opaque fires from fuels such as cyclohexane, the merged fire
column was large enough that radiation from the outer por-
tion of the fire column was absorbed by the fire itself be-
fore it could reach the center-burner fuel surface. The
radiative heat feedback to the center-burner fuel surface
was therefore as a maximum since any increase in the fire
column size would not increase the radiative heat feedback

to this fuel surface. As noted in Reference 5, the radiative
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heat feedback per unit fuel surface area to a very large
liquid-fueled fire is also at a maximum. The radiative
heat feedback to the center burner of the opagque merged
fires is therefore similar to the radiative feedback for
a very large fire. In addition, a vapor layer, similar to
that mentioned in connection with the large single fires,
was formed over the center portion of the burner pattern
for the fully merged fires.

When the multiple fires were interacting but were
not close enough together to be completely merged, the air
entrained to the center-burner fires was heated since it
had to pass over the hot table surfane between the peripheral
fires of the pattern. This hot entrained air, along with
the turbulence in the center-burner flame column created by
the surrounding fires, caused the convective heat transfer
to the center-burner fuel surface to be greater than that
for interaction-free burning. When the burner separation
distance was further decreased, the fires merged into a
single fire column, and the fire from the peripheral burners
completely surrounded the center burner. This fully merged
fire column blocked the air flow to the center burner and
decreased the convective heat feedback to the center-burner
fuel. Therefore, the greatest convective heat feedback to
the center-burner fuel surface occurred before the fires had
become sufficiently merged to block air flow to the center

burner. As noted previously, the convective heat feedback
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to a large single fire decreases with distance from the
outer edge of the flame column base. For the fully merged
fires, the convective heat transfer to the center burner
was therefore similar to the convective transfer to a large
single fire. In addition, the merged fire column is tur-
bulent enough that the previously-mentioned convective heat
transfer due to fire turbulence is present.

At the onset of merging, the heat transfer back to
the center~burner 1liquid, and therefore the burning rate of
the center~burner liquid, is at a maximum. As noted pre-
viously, the heat feedback to the center-burner fuel of a
fully merged, opaque fire is similar to the heat feedback
to a large single fire. 1In addition, the heat feedback to
the center-burner fuel at the onset of merging is greater
than that for the fully merged fire, mainly due to the
greater convective heat feedback to the center-burner fuel
at the onset of merging. Therefore, for the fires which are
opaque enough that the radiative heat feedback is at a maxi-
mum, the peak burning rate per unit area (at the onset of
merging) of the center burner is at least as great as the
large-fire burning rate per unit area.

If a successfiul empirical correlation between the
peak multiple-fire burning rate and the large-fire burning
rate can be found, an actual prediction of the large single-

fire burning rate can be made by burning only small multiple
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sources of the liquid fuel. If not, at least an upper bound
on the value of burning rate per unit area of a single large

fire can be obtained.
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NOMENCLATURE

empirical coefficient

empirical coefficient

burner’diameter

flame trailing length, measured as length that flame
trailed over table surface plus value of burner dia-
meter

Froude number

acceleration due to gravity

lower heat of combustion of fuel

heat of vaporization at the fuel boiling point plus
the integrated heat capacity of the fuel

flame height

burning rate per unit of fuel surface area

distance between center of center burner of array
and either the center of a peripheral burner (for
9-burner pattern) or center of an intermediate
burner (for l3-burner pattern)

entrained air velocity

distance from track radiometer to center of burner
array

density
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Subscripts

a

eq

air

equivalent

fuel vapor

peak, or at the onset of merging

single burner, or interaction-free burning



