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PREFACE 

Large fire experiments require the cooperation of many 
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1.0 INTRODUCTION 

It is fortunate that the incidence of fires in aircraft 
both in the air and on the ground is rather infrequent because 
our ability to cope with such emergencies leaves much to be 
desired. Sometime ask a smiling airline stewardess about her 
fire training. She will know the locations of the fire ax, fire 
extinguishers, and portable oxygen masks and has been instructed 
in their use; however, the chances are high that she has never 
actually used an extinguisher to suppress a fire. She has been 
cautioned to detect fires while they are small enough to be 
attacked satisfactorily with the small extingiushers on board. 
But, when this strategy fails the current procedure calls for 
a quick landing and evacuation of survivors. On the ground, the 
men responsible for aircraft fire suppjession and rescue also 
have their problems. The economics c ' airport operation combined 
with the restrictions imposed by air pollution control districts, 
often severely limit the size and frequency of training fires. 
A typical exercise consists of overwhelming a 50-gallon fire 
with a thousand-gallon foam truck, hardly a situation designed 
to challenge the performance or ability of the operator or the 
equipment. Furthermore, the training truck is frequently loaded 
with surplus protein foam in order to save the more expensive 
AFFF for a real accident; consequently, when an emergency 
develops the AFFF is applied by a technique suitable for pro¬ 
tein foam but not optimum for AFFF. The importance of technique 
has been demonstrated repeatedly in agent evaluation tests. 
Much of the existing confusion about the relative performance 
of agents and equipment arises from tests that really measured 
the performance of people and techniques not the agent. 

Even more distressing is the uncertainty regarding 
yardsticks for evaluating the performance of agents, application 
techniques, and equipment. This report attempts to remove some 
of these uncertainties by examining the basic concepts and the 
important parameters involved in the suppression of class B 
fires with AFFF. The scope embraces three categories of 
information: (1) the effect of fuel and environment on fire char¬ 
acteristics, (2) the theory and models for ideal and normal fire 
suppression, (3) tests and yardstick for evaluating suppression 
agents, the design and performance of equipment, and the 
effectiveness of extinguishing techniques. 

Table 1.1 outlines the various parts of the overall 
basic relationships program. Phases I and II were reported in 
References 1.0 and 1.1. This report covers Phases III, V, VI and 
VII. Phase IV will be handled in a subsequent report. In for¬ 
mat the subdivisions of this report do not follow the phase 
headings in Table 1.1; however, all the parts are covered. 

1 
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RESEARCH PLAN FOR THE BASIC RELATlUrJanirD í'ruokam 

Phase I Noh.enclature, Units and Presentation of Data 

Part 1. Definitions and Units. 

Part 2. Format for Presentation of Functional Relationships. 

Phase II Test Procedures and Instrumentation 

Part 1. Standard Fires, Size, Fuel and Environment. 

Part 2. Suppression Test Measurements and Evaluation 
Procedures. 

a. "Ideal" extinguishment: i.e., uniform 
application of the suppressant. 

b. "Normal" extinguishment. 

Part 3. Instrumentation. 

Phase III Suppression Tests - Two Dimensional Fires 

Part 1. Measure suppression characteristics versus types 
of foam. 

Part 2. Measure suppression characteristics versus appli¬ 
cation rate and patterns. 

Part 3. Measure suppression characteristics versus mode 
of application. 

Part 4. Effects of fire geometry on suppression and fire 
characteristics. 

Part 5. Effects of the ground environment on suppression 
and fire characteristics. 

Part 6. Wind effects on suppression and the fire character¬ 
istics of standard fires. 

Phase IV Suppression Tests on Three Dimensional Fires 
Involving Moving Fuel 

Part 1. Compare the affect of conventional and fast appli¬ 
cation rates on the application density required to extinguish 
100 ft2 pool fires. 



Table 1.1 (Continued) 

a. Experimental parameters will include (1) Fuel - 
JP4, (2) Environment - open pool fire, (3) Agents - Monnex and 
PkP, the most effective agent will be used for most of the 
tests; however, some conformation extinguishments will be made 
with the second agent, (4) application rates - with a conven¬ 
tional 30 pound extinguisher the rates would be from one to 
two pounds/second while with the rocket disseminator the rates 
would exceed 100 pounds/second, (5) pattern - the cloud would 
be ejected horizontally and vertically downward into the flames 
to determine the most effective point of attack. 

Part 2. Large fire tests. 

Scaling - If the results from Part I are of interest 
from an extinguishment standpoint, the critical application 
densities would be scaled-up to typical AGFSRS type fires, 
i.e., the maximum fire sizes that can be extinguished with a 
single disseminator and with two or three disseminators in 
combination. 

Three dimensional fires; dry chemical agents have 
been successful in extinguishing three dimensional fuel spray 
and spill fires where low expansion foams are ineffective. If 
rocket motor dissemination proves effective in Parts 1 and 2, 
the application would be extended to three dimensional fires 
involving cascading fuel. 

Phase V Effect of Three Dimensional Objects, e.g.. Aircraft on 
Fire Suppression and Fire Characteristics. 

Observations will be made during the CASS series of tests 
where single and multiple aircraft will be employed in the 
fires. Observations will include effects of aircraft on both 
the development of the fire and the suppression of the fire. 

Phase VI Suppression Tests Under Extreme Conditions of 
Environment and Fuel, femphasis is on bhe Incremental 
Extinguishment Model. _____ 

Part 1. Dependence of the critical application density on 
the foam quality and the fire environment. 

Part 2. Influence of application characteristics on fire 
suppression and the incremental extinguishment model. 

a. Ratio of stream impact area, i.e., the incre¬ 
mental area to the total fire size. 

b. Effect of sweep velocity, i.e., the specific 
application rate is controlled by the velocity with which the 
incremental area moves over the fire bed. 

3 
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Table 1.1 (Continued) 

c. Effect of sweep pattern. 

d. Effect of multiple nozzles moving in consort. 

Part 3. Measure suppression characteristics for extremes 
in ground material. 

Part 4. Measure suppressions characteristics with particular 
emphasis on the critical application density and burn-back 
resistance as a function of the rock substrate temperature. 

Phase VII Develop Modeling and Prediction Capabilities 
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2.0 BACKGROUND 

Table 2.1 of Reference 1 listed the various parameters 
involved in describing a fire, the associated hazard, and the 
suppression reguirements and the matrices in Figure 3.1 and 3.2 
indicated the relative strength of interactions between the 
independent experimental parameters and the dependent fire char¬ 
acteristics and suppression requirements. Subsequent experience 
has generally confirmed these assignments except in the area of 
suppression where additional nomenclature has been added to 
clarify the difference between the parameters pertinent to the 
pumping or discharge of the agent and the agent that actually 

SCen? °f "he fire* This au9mented nomenclature 
is included along with the parameters from Reference 1 in a 
revised Table 2.1. Table 2.2 is the corresponding matrix 
which shows the expected strength or degree of interaction between 
variables. From Table 1.1 it is apparent that the overall objec- 
tive of the program is to define and experimentally observe the 
most important of these interactions. »«¿ve tne 

In Table 2.1 the nomenclature covering the fuel, 
environment, and fire characteristics is quite standard; however, 
in an effort to be more explicit in describing suppression, new 
terms have been introduced in two areasí First, a distinction 
is drawn between the agent sent or discharged and the agent 
that arrives at the surface of the fire. Second, the rates of 
agent application are divided into instantaneous and average 
categories. The first distinction is concerned with the method 
of measuring solution application densities. Since it is dif¬ 
ficult to determine or control the amount of agent lost between 
the nozzle and the fire bed, the application density usually is 
determined from the solution collected in sample pans outside 
the combustion zone or computed from the total agent discharged 
and the foamed area. Such procedures either neglect the losses 
entirely or reduce them to a minimum. The substantial disper¬ 
sion observed in reported application densities required to 
extinguish test fires often reflects operator skill in minimiz¬ 
ing the losses defined in Table 2.1, e.g. La, 
Throughout this report the gross discharge and application para¬ 
meters are reserved for the agents sent, while the deposition 
parameters apply to agent reaching the surface of the fuel. In 
the limit, with the most efficient application techniques, the 
critical application density will approach the critical deposi¬ 
tion density. ^ 

The second distinction involves the convention sometime 
encountered in the literature for computing application rates 

5C!uPraCtlCal considerations such as the extinguishment time 
and the total agent required are commonly plotted as functions 

5 
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Table 2.2 

IMPORTANCE OF THE VARIOUS FIRE VARIABLES ON 
FIRE CHARACTERISTICS AND EVALUATION PARAMETERS 

Fuel 

1. Type 

2. Characteristics 

a. Flash point 
b. Heat of combustion 
c. Vapor pressure 
d. Heat of vaporization 

3. Distribution 

a. Pattern 
b. Area 
c. Depth 
d. Uniformity 

4. Temperature 

Environment 

1. Air 

a. Temperature 
b. Humidity 
c. Wind velocity 

2. Substrate 

a. Composition 
b. Thermal properties 
c. Wettability 
d. Porosity 
e. Fuel to substrate 

ratio 

Flame Burning Fire Radiation 
Spread Rate Size Field 

L 

L 

S 
M 
S 
S 

s 
N 
L 

L 
M* 
M* 
L* 

M 

S 

M 

S 
S 
s 
s 

N 
N 
S 

L* 
M* 
M 
L 

M 

S 

M 

S* 
L 
S 
S* 

N 
N 
M 

L 
M* 
M 
L 

S* 

S* 
S* 
S 
S* 

N 
N 
M 

L 
M* 
M 
L 

Objects in Fire M M 
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Fire 
Characteristic 

Burning Rate 

Fire Size 

Suppression Rate 

Table 2.2 (Continued) 

Hazard From 
Radiation 

Suppression 
Effectiveness 

M* 

M 

L 

L = large effect > 50 percent change in the fire 
characteristics or evaluation parameter. 

M = medium effect 25 to 50 percent change. 

S = small effect five to 25 percent. 

N = negligible effect < five percent change. 
+At distances measured in fire diameters. 
*Next to the blanks i.e. where ratings were not attempted, 
the values marked with an * are least reliable. 
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of the application rate, the presentation should differentiate 
between instantaneous rates and obscure averages. In total aret 
instantaneous suppression, there is no problem with defining 
the application rate as the pumping rate or discharge rate 
of the nozzle divided by the fire ar^a. However, in incremen¬ 
tal extinguishment where an agent is applied to only a fraction 
of the fire area at any one time, such a definition departs from 
physical reality by predicting a change of rate with fire size; 
even though, the discharge rate, foam print, and pattern of 
application remain constant. The instantaneous application 
rate will be used for all incr mental extinguishments tc avoid 
this complication. In Section 4.3 where application models are 
considered in detail, the significance of this concern will be 
clarified. It is the instantaneous application rate that deter¬ 
mines pump capacities, nozzle sizes, and foam prints. 

Most of the losses in Table 2.1 are self explanatory; 
however, the foam that evaporates in the combustion zone or 
drains into the liquid fuel may make some contribution to 
extinguishment and therefore is not a total loss. These 
possibilities will be examined in detail in Section 4.0. Most 
of the time the evaporation in the flame will be treated as a 
loss, but drainage at the surface usually performs useful work. 
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FIRE CHARACTERISTICS 

A number of variables which are important to the fireman 
in fighting aircraft fuel fires are discussed in this section. 
In addition to the fuel and environmental parameters that control 
th® fire characteristics listed in Table 2.1, the fireman must 
also cope with a variety of logistic problems that determine the 
overall response time, i.e. the time from ignition to the onset 
of suppression. If the fire is attacked before it can spread 
and involve all of the available fuel, suppression is simplified. 
There is less likelihood of fuel tanks exploding if the suppression 
efforts are successful in limiting fire spread and buildup. Once 
the crash occurs the fire size depends primarily on the amount 
and type of fuel spilled, the terrain and the wind speed and 
direction. Then the time required for suppression is dependent 
upon a variety of factors, some of which are within the sphere 
of influence of the crash and rescue crew, some not. For example 
the response time depends on the crew readiness and the distance 
to the crash. In addition to the crash site, other factors out¬ 
side the control of the firemen include type of aircraft, amount 
of fuel, type of fuel spilled, the terrain and the wind speed 
and direction. The importance of many of these uncontrolled 
variables with respect to fire characteristics will be developed 
as the data are presented. The influence of the variables on 
suppression time will be explored in Sections 4.0, 5.0 and 6.0. 

3.1 Fuel Effects 

Types: AVGAS, JP4 and JP5 

Experimentally the burning rates of AVGAS, JP4 and JP5 
were determined using a variety of methods (Reference 1.1) and 
fires ranging in size from 3 feet in diameter to 200 x 240 feet. 
The burning rates in 3 and 10 feet diameter pans were measured by 
recording the weight loss during combustion with the pans sup¬ 
ported on load cells, ^or larger fires burning rate was calcu¬ 
lated from the change in liquid level. Initially the average 
burning rates were estimated using before and after measurements 
of the fuel thickness. Corrections were made for the reduced 
burning rates during ignition and suppression based on the cor¬ 
responding areas under the radiation curves and the assumption 
that the radiation level was always proportional to the burning 
rate. Later in the program, continuous records of the fuel level 
were obtained by photographing manometers with a time lapse 
camera. Also, flame heights were recorded photographically. 

Blinov and Khudiakov (Reference 3.1) have shown that in 
most liquid fuel fires with pool diameters above 100 cm the 
burning rate becomes reasonably constant as the pool dimensions 
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increase. In our field tests the burning rates varied by a fac¬ 
tor of two or three, dependent upon the environment and pool 
size. These observations hold true also for the ratio of flame 
height to pool diameter. The Russian data for tractor kerosene 
is reproduced in Figure 3.1 along with burning rates and flame 
heights for AVGAS, JP4 and JF5 measured during this program. 
The reasons for the variability in the field test data will be 
considered in Section 3.2. In order of descending burning rates, 
typical average values were found to be 6 mm/min for AVGAS, 
5 mm/min for JP4 and 4.4 mm/min for JP5. This information is 
of twofold importance to firemen extinguishing such fuels. For 
spills of equivalent thicknesses, the higher burning rate fuels 
will burn out quicker and dissipate their energy in a shorter 
period of time. Consequently, such fires will tend to be larger 
and will radiate more thermal radiation. Greater standoff dis¬ 
tances may be required in fighting such fires thereby placing 
more stringent requirements on suppression equipment. Secondly, 
if these hotter fires are to be suppressed within the first 
several minutes of ignition, a higher rate of foam application 
would be required. This latter requirement is subject to various 
environmental factors that can alter the fire characteristics. 
For instance an airplane structure in the fire or the wind 
direction and speed, could outweigh differences in fuel burning 
rate in determining the suppressant application rate required 
to combat the fire successfully. 

Since higher burning rate fuels put larger amoun-s of 
combustion products into the fire plume per unit time, the 
larger plumes tend to radiate more thermal energy. Again, field 
testing conditions cause considerable spread in the data because 
of the influence of wind speed and direction upon the view factor 
which the radiometers perceive. In Figure 3.2 the heat flux 
from pool fires of AVGAS, and JP5 with dimensions of 30 feet 
X 30 feet are given as a function of the distance from the 
fire divided by the characteristic fire dimension viewed by the 
line of radiometers. The data support the logic that the 
radiation increases with the burning rate. Fu (Reference 3.2) 
reports that the radiation from AVGAS fires is about 60% higher 
than for JP5 fires at x/D = 3. Other measuring stations gave 
proportionately higher heat fluxes from AVGAS fires than either 
JP4 or JP5 although some JP4 fires appeared to have fluxes 
close to those radiated by AVGAS. His experiments were carried 
out in the laboratory where more control could be exercised over 
the experimental parameters than in field tests. As previously 
stated the practical significance of this fact is to increase 
the stand-off distance for fighting AVGAS fires as compared to 
JP5 fires and to place more stringent requirements on the 
equipment. 

12 



FI
G
 a

i 
PE

A
K
 F

L
A

M
E
 H

E
IG

H
T

S
 A

N
D

 B
U

R
N

IN
G
 R

A
T

E
 F

O
R
 J

E
T
 F

U
E

L
S

 



kj ' 

.. ’t , 

il— 

1 
0.9 

0.8 

0.7 

0.6 

0.6 T 

0.4 

o 
UJ 
(/) 

0.3 ^ 

0.2 

0.1 

FIG 3.2 A COMPARISON OF THE HEAT FLUX FROM JP-5 AND AVGAS FIRES 

14 



.^ .. 

3.1.2 Fuel Area 

The test data indicate that both burning rates and plume 
heights are reasonably predictable within a factor of two or 
three. In our previous report (Reference 1.0) it was shown that 
wind velocity has a small effect on burning rates for fires with 
dimensions 10 feet in diameter or smaller. However, the flame 
heights of all fires are notably dependent upon wind velocity. 
With small fires a wind of about 10 mph causes the flames to be 
blown along the ground so as to make flame height a meaningless’' 
measurement. With the larger fires studied in this program 
wind speeds in the range of 12 mph and up complicated the iden¬ 
tification of a flame height. Some idea of the variation in 
flame heights for the CASS 83 foot x 90 foot fifes of JP5 is 
given in Figure 3.3. Note particularly the curve for Test 14 
where the 20 KT wind reduced the height 40%. The heights 
reported herein are those shown by visible fire balls recorded 
photographically. 

The major fire characteristic influenced by the area 
of fuel is the heat radiation from the fire plume. This heat 
flux is dependent primarily upon the size of the fire plume 
which in turn is related to the size of the burning pool. In 
the AGFSRS test series at China Lake, pool fires of JP4 were 
varied from 40 foot x 100 foot to 200 foot x 240 foot in a suf¬ 
ficiently controlled manner so as to minimize the contribution 
of environmental factors and instrumentation variation to the 
measured fire characteristics. In Figure 3.4 the average heat 
flux is plotted as a function of the normalized distance from 
the radiometers to the fire, i.e. the distance (X) divided by 
the length (D) of the pool side observed. The measured heat 
flux in this test series at a distance of one characteristic 
length (D) from the fire ranges from 0.08 to 0.4 BTU/ft“2 sec"1. 

A comparison of the results of our thermal radiation 
measurements from large fires with known theories shows a serious 
discrepancy, i.e., the plots of Q versus X/D are segregated signi- 
nificantly by fire sizes. If the flame is considered a surface 
emitter and atmospheric attenuation is neglected, then the heat 
flux detected by the target radiometer is. 

(3.1) 

where Q = radiant heat flux incident on radiometer, BTU/ft-2 sec-1. 

FT^.f = view factor from target to flame, unitiess 
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qf = surface heat flux of flame, BTU/ft-2 sec“1 

The view factor is given by: 

Cos ß1 Cos ß2 dAf 

(3.2) 

where the geometry used is shown in Figure 3.5. Sleipcevich 
(Reference 3.3) has calculated radiation view factors for tilted 
cylinders (simulating fire plumes). If there is a constant 
relationship between the height of the fire plume and the diameter 
of large pool fires as indicated in Figure 3.1, then calcula¬ 
tions from the data presented by Sleipcevich yield a single view 

factor for each ^ value irrespective of the fire diameter. The 

variables in the combined Equations (3.1) and (3.2), 

(3.3) 

were examined for terms which might explain the experimental fact 
that different sized fires give different thermal fluxes per unit 
area of target radiometer when viewed from the same X/D distance. 
First it has been shown by Graves (Reference 3.4) that the fire 
plume from hydrocarbon fires emits thermal radiation from a finite 
depth within the plume, so qT is apparently not constant as fire 
size varies. There is also other experimental and theoretical evi¬ 
dence that the view factor and therefore flux density also changes 
with fire size. Steward (Reference 3.5 and 3.6) has shown that the 
radiant flux density from a flame is a function of both the flame 
absorption coefficient and flame height. He also predicted that 
the flame height would be proportional to the mass burning rate 
(Fm) to the two-fifths power. 

To determine whether the mass burning rate is a variable 
of significance, which would explain in part the discrepancy 
between field measurements and theory, the AGFSRS data on large 
JP-4 fires was tested by regression analysis using as variables 
Fm in pounds per second and X/D. In the AGFSRS test series the 
heat flux from JP4 fires with characteristic dimensions of 
100 feet and 200 feet was measured at distances of D/4, D/2, 
and D from the fires. The regression equation 
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correlating the variables was found to be significant at the 
0.01 probability level, i.e., there is only a 1% probability of 
being wrong if we say that the thermal flux is correlated by 
the variables indicated. The regression equation accounts for 
94% of the total squared log deviations of Log Q. Further the 
variable Fm accounts for 28% and the variable X/D accounts 
for 66% of the total squared log deviations. A comparison of 
calculated and measured heat fluxes is shown in Figure 3.6 
for distances D, D/2, and D/4 from the fires. 

In Table 3.1 the heat fluxes calculated from the 
regression equation are compared to measured values. An exami¬ 
nation of the residual differences between calculated and 
measured values reveals that the greatest deviation occurs at 
an X/D of one where the average deviation of calculated Q is 
about twice that for Q calculated at an X/D of 0.5 and 0.25, 
i.e., the lower the heat flux the greater the deviation (measured 
as a percent of Q) from the regression line. This deviation 
may indicate the influence of other random variables on the 
thermal radiation measurements at longer distances from the 
fire, e.g., atmospheric absorption and/or a changing view factor 
caused by the wind. In Figure 3.4 the radiometers located 
at position D are either 100 or 20U feet from the fire. From 
atmospheric absotption measurements made on JP5 fires at simi¬ 
lar distances, 100 feet of air reduced the flux level approxi¬ 
mately 10%, i.e., a negligible amount compared to the differences 
in Figure 3.4. The wind effect may be more pronounced. For 
example, the motion pictures show t;he flame tilt away from the 
radiometers increases progressively from Tests 22 and 24. The 
importance of a changing view factor as a variable which should 
be included in any predictive model for thermal heat flux may 
be illustrated further by examination of a residual plot 
against Q, the measured quantity. Figure 3.7 shows that the 
deviations in calculated values tend to grow larger the higher 
the Q measured, i.e., the closer the fire is to the measuring 
radiometers. This nearness of course makes the target radio¬ 
meters more subject to variations in view factor caused by 
wind-directed fluctuations of the fire plume. 

In addition to the statistical inferences which were 
derived from our rather involved analysis of the radiation data, 
there is a practical advantage to be gained. The correlation 
developed allows us to predict the heat flux as a function 
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Table 3.1 

REGRESSION ANALYSIS RESULTS 

Measured 
Heat Flux, Q 

-2 BTU FT 
,-1 

Calculated 
Heat Flux, Q' 

-2 

SEC 

0.086 

0.28 

0.62 

0.14 

0.37 

0.75 

0.17 

0.51 

1.1 

0.4 

1.05 

1.7 

0.4 

0.82 

1.2 

0.32 

0.75 

1.5 

0.30 

0.98 

1.7 

BTU FT 
.-1 

SEC 

0.120 

0.268 

0.603 

0.15 

0.33 

0.75 

0.21 

0.48 

1.07 

0.31 

0.69 

1.56 

0.31 

0.69 

1.56 

0.31 

0.69 

1.56 

0.44 

1.00 

2.25 

Residual Percent 

Q - Q' Deviation 

Mass 
Burning 

Rate, 

LB/SEC 

-0.034 

+0.012 

+0.017 

-0.01 

+ 0.04 

0 

-0.04 

+ 0.03 

+0.03 

+ 0.09 

+ 0.36 

+0.14 

+ 0.09 

+ 0.13 

-0.36 

+ 0.01 

-0.06 

-0.06 

-0.14 

+ 0.02 

-0.55 

22 

-39.5 

+ 4.3 

+ 2.7 

- 7.1 

+10.8 

0 
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of distance from very large fires with a maximum error of 47%. 
With only X/D as a variable the maximum variation in measured 
values is 365%. So the introduction of Fm as a variable in 
heat flux measurements improved the prediction capabilities by 
a factor of almost eight for the specifically selected test 
series considered. Whether this variable is strong enough 
to pull together the radiation measurements from the range of 
fires which were studied in this program will be considered 
next. 

JP5 has been used extensively in fires ranging in size 
from 3 feet diameter to the 83 foot x 90 foot fires in the CASS 
program at Caina Lake. The heat flux from the .smaller fires 
was significantly higher than from larger fires when measured 
at the same characteristic length (D) which for circular fires 
refers to the diameter of the pool and for rectangular pools 
corresponds to the longer dimension. Typical radiation data 
are shown in Figure 3.8 plotted as a function of X/D. As a 
correlator for heat flux from hydrocarbon fuel fires of vary¬ 
ing sizes, the term X/D does not remove the deviations as well 
as the power function of Fm and X/D applied to the large 
AGFSRS China Lake fire data. If all of the flux measurements 
from 3 feet to 90 feet fires are compared the variability 
ranges from 223% at the D/2 measuring station to 600% at the 
3D station. All of these measurements involved the same 
investigators, instrumentation, and data analysis techniques. 
The variability is even more serious when the results of dif¬ 
ferent investigators are considered as in Figure 3.9. For 
X/D = 1 the radiant flux varies from 0.08 to 2.2 BTU FT2 SEC“1, 
a ratio of approximately 27 for fires with characteristic 
dimensions from 10 feet to 200 feet. Obviously a differentiation 
by major variables in addition to X/D is called for. 

A regression analysis was performed on the NOL/SRI 
radiation data collected on JP5 fires from 3 feet diameter to 
the CASS 83 foot x 90 foot fires. The regression lines for 
distance X/D = 0.5, 1 and 2 are plotted in Figure 3.10 and com¬ 
pared with experimental measurements. The equation correlating 
these data is: 

Q = 0.4616(F^”•09102) (X/D)“1 * 164 

For fire areas that ranged from 7 to 7470 ft2 the dependence 
of flux upon mass burning rate and the distance X/D proved to 
be highly significant at the probability level of .01, i.e., 
1% chance of being wrong when we say the variables correlate 
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with thermal flux. In this case, however, the dependency of 
flux upon the mass burning rate was not as pronounced as in 
the case of the AGFSRS 100 foot and 200 foot JP4 fires. The 
correlation equation accounted for 87% of the total squared loq 
deviations of Log Q. In this case the variable Fm accounted 
ror b*4% or the squared log deviations whereas the variable X/D 
accounted for 80.6% of the deviations. In both correlations 
the thermal ^lux (Q) was proportional to (X/D)~n where n = 1.17 
for the larger fires and n = 1.16 for smaller fires, a value 
somewhat less than the inverse square predictions, but remark¬ 
ably close considering these were field test fires ranging 
from 3 feet diameter to 200 feet x 240 feet. 

3.2 Environmental Effects 

3.2.1 Wind 

Sleipcevich (Reference 3.3) has shown with small 
circular pool fires varying in diameter from 4 inches to 
2 feet that the burning rate of hydrocarbon fuels decreases 
as wind velocity increases. It was proposed that the mech¬ 
anism of heat feedback as expressed by Hottel readily 
explained this decrease. For a circular pool of diameter 
"d" the rate of heat feedback by conduction, convection, 
and radiation respectively is: 

4 k(TF - V , . 
3 =-3- + UiTp - Tn) + 0F(tJ - Tg) (1 - 

'B 
e‘Kd) (3.6) 

If the temperature difference between flames and fuel (Tp - tr) 
the heat transfer coefficients k, U, and a, and the Beer's law 
extinction coefficient K for the fuel are all held constant the 
only remaining variable is the geometrical view factor, F, in 
the ladiation term. This view factor is dependent upon the posi¬ 
tion of the flames with respect to the pan and the position can 
be obtained from the Walker and Sleicevich (Reference 3.7) 
expression for the bending angle 6 of the wind-blown flame; 

A = 3.3 Re0 *07Fr° 
COS 0 • (¾ 

-0.G 

(3.7) 

where Re = Reynolds number (^) 
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Fr = Froude number 
(3?) 

Pç * Density of combustion gases 

pa * Air density 

d * Length 

V = Velocity 

y = Viscosity 

g = Gravity 

For the model flame shown in Figure 3.11 an increase in the 
wind velocity bends the flame away from the pan reducing the 
volume of gases effectively radiating to the fuel surface. 
The Froude number represents the major variable in the expres¬ 
sion. The field test burning rate data from this program for 
circular, rectangular, and square fires of JP5 are plotted 
against the Froude numbers in Figure 3.12. The plot shows 
that the influence of wind velocity becomes almost negligible 
for fires with a dimension greater than 10 feet. An examina¬ 
tion of the photographs for these fires shows that the wind 
influences the larger fires to a far lesser degree than 
smaller fires. 

Figure 3.13 shows the bend angle 6 computed by means 
of the Sleipcevich correlation for a number of different diameter 
fires. As an example of the effect of wind on fire size a 
10 knot wind bends the 10 foot fire at an angle of 47°, the 
35 foot fire 24° and the 100 foot fire only 9°. Hence the 
influence of wind upon the feedback mechanism and therefore 
burning rate should be far less with larger fires. Our data 
appear to confirm these deductions. 

Since the wind does influence the stretching of the 
fire plume, it appeared reasonable to assume that the radia¬ 
tion data would show the influence of wind upon the view factor 
at different fire sizes. A regression analysis was made in an 
attempt to correlate the heat flux with the fuel mass burning 
rate and the Froude number. The thermal flux measurements from 
pool fires of JP5 ranging from 3 feet in diameter to a 83 foot 
to 90 foot rectangle were used in the analysis. The data are 
given in Table 3.2. Values of the radiation flux were measured 
by side-looking radiometers aligned perpendicular to the char¬ 
acteristic dimension; i.e., the general wind direction was 
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FIG 3.11 FIRE MODEL OF WIND-BLOWN FIRE FROM A CIRCULAR BURNER 
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Table 3.2 

PREDICTED THERMAL FLUX AT DISTANCE D/2 FROM JP5 FIRES 

Measured Q 
,-2 

BTU FT 
,-1 

SEC 

0.89 

1.00 

0.87 

1.07 

1.00 

0.68 

0.66 

1.30 

0.95 

1.35 

1.15 

0.98 

0.83 

0.87 

0.81 

0.86 

0.95 

0.84 

0.77 

Predicted Q* 
-2 

Fuel Mass 

BTU FT 

SEC* 

0.96 

1.06 

1.09 

0.97 

0.99 

0.82 

1.00 

0.97 

0.90 

0.88 

0.97 

0.79 

0.80 

0.80 

0.82 

0.83 

0.83 

0.85 

0.77 

Burning Rate (Fm) Number 

LB/SEC 

0.0846 

0.0846 

0.0846 

0.94 

0.94 

0.94 

0.94 

0.94 

0.94 

0.94 

0.94 

7.825 

7.825 

7.825 

»Regression Equation: Q = 0.996 F 

15.65 

15.65 

15.65 

15.65 

31.3 

-0.0179 

Froude 

umbe 

(Fr) 

0.55 

1.16 

1.62 

0.74 

0 .93 

0.17 

0.64 

0.74 

0.40 

0.31 

0.80 

0.16 

0.18 

0.18 

0.26 

0.28 

0.28 

0.36 

0.17 

0.107 

12-1/2' X 
50' 

12-1/2' X 
50' 

12-1/2' X 
50' 

1 1 

m 
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Table 3.2 (Cont.) 

PREDICTED THERMAL FLUX AT DISTANCE D/2 FROM JP5 FIRES 

Fuel Mass Froude Measured Q 

BTU FT”2 

SEC"1 

0.71 

0.70 

0.90 

0.42 

Predicted Q* 

BTU FT-2 

SEC"1 

Burning Rate (F„) Number 
m 

LB/SEC 

0.82 

0.80 

0.65 

0.65 

♦Regression Equation: Q = 0.996 F 

31.3 

31.3 

93.6 

93.6 

-0.0179 

(Fr) 

Fire 

Size 

0.29 50' X 50' 

0.23 50' X 50' 

0.043 83' X 90' 

0.043 83' X 90' 

0.107 
m 
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perpendicular to the radiometers. The regression equation was 
not significant. The photographs of the fires reveal that one 
of the most significant variables not appearing in the regression 
analysis was one that would correlate the change in view 
factor produced by wind directions which were not at right 
angles to the line of radiometers. This variable is an unavoid¬ 
able fact-of-life in field test and particularly influences 
smaller fires. It was not included because of the difficulty 
in intrepreting the rapidly changing wide angle and therefore 
flame response with respect to the radiometers. The plot of 
heat flux versus Froude number for X/D = 0.5 is shown in 
Figure 3.14. As a result of the negative statistical signifi¬ 
cance test for the mass burning rate and Fro’.de numbers as 
variables, the best predictor of the heat flux rate at D/2 is 
the mean of all the measurements, i.e., 0.92 BTU FT”2 SEC"1. 
However, when the data are correlated against Fm and X/D the 
correlation becomes very significant as we *iave indicated in 
the previous paragraphs. 

3.2.2 Substrate; Water, Sand, Rock 

The influence of substrate on burning rates and radiation 
fields from pool fires of JP5 in the 10-foot diameter pan was 
found to be considerable. In Table 3.3 the burning rates of 
JP5 on water, sand, and rock substrates are compared. As 
soon as burning is no longer dependent upon the radiant feed¬ 
back mechanism and becomes conduction limited, the fuel burning 
rate in sand and rock diminishes continuously until the heat 
conducted beneath the surface no longer is sufficient to 
vaporize fuel and maintain the surface fuel/air ratio above the 
flammability limic. In both sand and rock, extinguishment 
occurred when the liquid level was about one inch below the 
surfaces. The rate data in Table 3.3 are for the first few 
minutes during which time an equilibrium burning rate is 
established, both sand and rock substrate reduced the burning 
rate, the rock substrate initially by a factor of one-tenth and 
the sand substrate by only two-thirds. When wet the apparent 
weight loss on a sand substrate is about equal to that measured 
for fuel or water substrates. 

As with burning rates it was found that the thermal 
flux from fires on sand and rock substrates was significantly 
reduced after burning lowered the fuel level below the sur¬ 
face of the substrate. In Figure 3.15 the heat flux from JP5 
fires on substrates of water, sand (dry), and sand with 4.8% 
water is reduced by about one-third when the sand is not 
initially wet with water. If the sand contains 4.8% water 
before it is saturated with fuel, the radiation level appears 
to be the same as that from a fire on a water substrate. The 
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FIG 3.15 RADIATION FROM 10' DIAMETER JP-5 FIRES WATER VS SAND SUBSTRATES 
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radiation from fires on rock and water substrates are compared 
in Figure 3.16. Fires on rock and dry sand substrates follow 
the same trend once the fuel level is below the substrate surface. 

3.2.3 Objects; Passive Versus Active 

The influence of passive objects, i.e., non-burning 
structure, on the radiation field was demonstrated in the 
simulated C5A burns at China Lake. Figure 3.17 shows two test 
configurations with the same fuel area but with the C5A 
mock-up centered in the fuel bed in one case and completely 
outside the fire in the other. The radiation fields for the 
five tests included in Figure 3.17 exhibit sharply reduced 
thermal flux readings at X/D values greater than 0.5 when the 
structure is in the fire. Although the wind varied from 3.1 
to 10 mph during these tests, the regression analysis of 
radiation flux versus Froude number supports the assumption 
that the effect of these winds on the radiation field from 
such large fires could be considered negligible. 

The influence of active objects such as burning 
aircraft within the burning pool fires was shown on the 83 foot 
X 90 foot minideck at China Lake. Five closely packed deacti¬ 
vated F-11A aircraft were placed on the deck as indicated in 
Figure 3.18. Ambient winds during the test series never exceeded 
3 knots. Forced winds up to 35 knots over the front surface 
of the pond were generated by the prop wash from a C-97 aircraft. 
These winds produced relatively minor perturbations of the smoke 
column. The major effect of the aircraft was to create a high 
degree of turbulence between and around the planes. This 
modified the air flow and affected the radiation field in 
several ways. First, the amplitude fluctuations in the thermal 
flux rate are larger when the plane created turbulence is 
present. Second, the turbulence caused higher radiation readings 
on the closer radiometers when the local turbulence caused the 
flames to envelope the measuring station. Besides modifying the 
air-currents and obstructing spray patterns from the monitor and 
hand lines, the planes presented at least two direct threats. 
First there exists the possibility of explosions on the air¬ 
craft in as short a time as two minutes, e.g., in one test a 
gas tank exploded. Operational aircraft would contain more 
explosion hazards than these cannibalized, deactivated aircraft. 
Second, the aircraft contain Class A fuels of various kinds 
that ignited and gave the fire a three dimensional fuel array 
as well as sources of reignition for the jet fuel. The rein¬ 
forced plastics in the wings, tail section, and radar domes 
ignited and frequently were still burning when JP5 had been 
extinguished. However, these sources did not reignite the jet 
fuel. The tires were of particular interest because they were 
in direct contact with the JP5. When examined after several 
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test fires the tires were charred clear through the tread to the 
cord, but they did not burn after the surrounding fuel was 
extinguished nor reignite the fuel. Finally, molten aluminum 
dripped into the JP5 pool as the aluminum skin melted. This 
hot metal did not alter the fire or the suppression in a 
detectable way. 

4.0 IDEAL SUPPRESSION 

The objectives of this section are (1) to describe the 
process of suppression with AFFF in sufficient detail to permit 
predictions of the effects of varying the principal experimen¬ 
tal parameters, (2) to provide a physical basis for the amount 
of agent required for extinguishment, (3) to indicate how to 
optimize the use of foam agent, and (4) to provide yardsticks 
for evaluating the performance of men and equipment. For con¬ 
venience the discussion is divided into two parts where the 
first step deals with the events at the surface of the fuel, 
i.e., Sections 4.1 and 4.2 and the second part is concerned 
with the problems involved in applying the foam, i.e.. 
Sections 4.3 and 4.4. Some of the important parameters involved 
at the surface are inaccessible to direct measurement, there¬ 
fore the conservation of energy and the conservation of agent 
are employed to relate these surface parameters to the appli¬ 
cation or operating variables. 

4.1 Mechanism of Extinguishment with Foam 

The model for extinguishment commences with the 
assumption that the burning rate (Rb) is equal to the rate 
of fuel evaporation (R ) both for the total fuel consumed 
and on a unit area basis. The energy responsible for this 
evaporation must be fed back into the fuel from the combustion 
zone. At any instant, the conservation of energy implies that 
the energy fed back into the fuel (Ef) equals the energy 
expended in evaporating the liquid plus the energy lost from 
the liquid to other heat sinks (Ei). Rearranging the terms, 
the rate of evaporation becomes 

Re = 

Ef - El 
(4.1) 

where (He) equals the heat of evaporation. Following 
ignition there is a transient period while the flame size 
increases causing the heat feedback Ef to increase faster 
than the losses Ei. He is reduced somewhat as the tempera¬ 
ture of the fuel approaches the boiling point, and the burning 
rate increases to an equilibrium value characteristic of the 
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fuel and environment. In the large fires of interest here, 
the flam«* volume ultimately reaches dimensions greater than 
the path length for total infrared radiation absorption, then 
the combustion zone appears like a thermally infinite source, 
no further increase in the energy feedback occurs and the 
specific burning rate, i.e., the rate per unit surface area, 
becomes essentially constant and independent of the fuel bed 
size. 

According to Equation (4.1), the burning rate can be 
influenced by tampering with Ef, He, Ei either singularly 
or in combination. AFFE operates on all three factors. First 
a layer of AFFF on the surface has the same affect as increas¬ 
ing the heat of evaporation He because the agent interferes with 
the escape of fuel molecules. This vapor barrier action is the 
characteristic usually emphasized in discussions of AFFF. 
Second, a layer of foam makes an excellent thermal shield to 
absorb and reflect the radiant and convective energy Ef fed 
back from the combustion zone. Third, the water in contact 
with the hot fuel surface absorbs heat and increases the loss 
term Ex. According to this picture, any AFFF arriving at the 
fuel surface will reduce the burning rate; however, extinguish¬ 
ment will occur only when the agent arrives faster than it 
departs through evaporation and run off. The critical deposi¬ 
tion density will just complete extinguishment as the last 
of the foam is destroyed. Since heat of evaporation, feed¬ 
back energy spectrum, and temperature will vary from fuel to 
fuel, the critical deposition density can be expected to vary 
from one fire environment to another. 

A series of laboratory experiments was performed to 
determine the relative importance of cooling the thermal shield 
and the vapor barrier action of AFFF in extinguishing jet fuel 
fires. Before describing these individual measurements it is 
instructive to look at the general activity occurring at the 
fuel surface during extinguishment. In a JP5 fire shortly 
after ignition, the :'uel at the surface reaches a temperature 
of about 420° F, i.e., intermediate in the boiling range 
which extends from 370 to 530° F. Since typical foams 
contain 94% water, steam will be generated when the water con¬ 
tacts the hot fuel. Obviously the water will not remain in the 
condensed phase until the fuel temperature cools below 212°F. 
If the water arrives at the surface in drops large enough to 
penetrate slightly, the expanding steam will blow fuel into the 
air and the fire will flare up. When the water is applied as 
a fog or stable foam so that the water does not penetrate the 
fuel, steam is generated without explosively dispersing the 
fuel. Since foam is a good thermal insulator, only the part 
in contact with the fuel converts to steam. Furthermore, the 
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steam inflates the foam to several times the original volume 
and prevents good thermal contact with the fuel. The inflating 
vapor is assumed to be steam because deflation occurs when the 
foam temperature cools to 212°F. Comparable inflation also 
occurred when foam was deposited on JP5, aluminum and rocks 
all at the same initial temperature. A slower inflation, i.e., 
the production of secondary foam by evaporating fuel is some¬ 
times observed with JP4 and AVGAS but this was not the domi¬ 
nant process in these laboratory experiments. This inflation 
with steam describes the behavior of AFFF which is chemically 
stable in boiling water and changes physically only when the 
foam breaks down. In contrast, protein foam changes chemically 
and coagulates at about 165°F with a rapid release of water 
which causes more penetration into the fuel resulting in turbu¬ 
lent bubbling. 

The sequence of photographs in Figure 4.1 compares the 
behavior of AFFF and protein foam when applied to boiling JP5. 
Immediately after application (top frames) the more pronounced 
steam cloud is characteristic of the protein foam. In the 
second frame, the protein foam is mixing into the fuel and there 
is much bubbling and turbulence. By contrast, the AFFF remains 
on the fuel surface where it has become inflated and still 
provides complete coverage. When the fuel has cooled to 212°F 
(bottom frame) the protein foam is completely destroyed while 
the AFFF not evaporated to cool the fuel still remains on the 
surface. Since the barrier for energy going from the combustion 
zone to the fuel bed and for fuel molecules going in the reverse 
direction depends on intact layers of agent, the high temperature 
stability of the AFFF makes it more effective than the protein 
focun. 

4.1.1 Cooling the Fuel by Evaporating Water 

Figure 4.2 shows the simple laboratory arrangement for 
demonstrating the cooling effect along with a typical cooling 
curve obtained when the fire was extinguished with an application 
density of two gallons per hundred ft^. The thermocouple was 
used to probe the temperature gradient in the fuel during the 
preburn period but during extinguishment the position was 
just below the surface as indicated in the enlarged view. Just 
before extinguishment the temperature ranged from 420°F at 
the surface to about 200°F at the water interface one centi¬ 
meter below. In the cooling curve of Figure 4.2 the surface 
temperature drops from the original value to the boiling point 
of water in just under five seconds. Under the equilibrium 
burning rate conditions JP5 is consumed at a rate of about 
0.36 g cm-2min”l. Just below the boiling point of water, 
i.e.. 2C0°F, the evaporation rate is about 2.5 x 10"^ g cm"^ 

1. mm Consequently, the cooling effect reduces the fuel 

45 



AFFF

AFFF

AFFF

fj-r

PROTEIN

III
PROTEIN

PROTEIN

I

FIG 4.1 PHOTOGRAPHS OF PROTEIN AND AFFF FOAMS COOLING HOT JP-6



(d.) iunivuddi/ms-dr 

47 



evaporation rate by a factor of about 140. Figures 4.3 and 4.4 
show the effect of temperature and material respectively on 
the cooling produced by a 2 gal/100 ft2 deposit of AFFF. 
Three temperature regions are of interest as illustrated with 
the aluminum substrate in Figure 4.3. Well above the boiling 
point of water, the foam in contact with the substrate quickly 
turns to steam and inflates the foam to several times the ini¬ 
tial expansion ratio. As described in Section 4.1 this infla¬ 
tion interferes with foam to substrate contact; consequently, 
the cooling rate is modest, the foam remains highly expanded, 
and all the weight loss is due to evaporation. Near the 
boiling point, contact improves and rapid cooling ensues until 
the foam and substrate are below 212°F, then the steam inflated 
foam collapses and water emerges from the drainage hole. Below 
the boiling point no inflation occurs and the foam decays 
slowly in comparison to the two high temperature regions. 
Similar inflation and collapse of the foam occur on other 
surfaces, i.e., rock, and JP5. The curves in Figure 4.4 
demonstrate the influence of substrate heat capacity and ther¬ 
mal conductivity on the cooling rate and survivability of the 
foam. These substrates were heated to the boiling point of 
the JP5 which is the limiting temperature as long as fuel 
covers the surface; however, when areas protrude through the 
fuel, much higher temperatures become possible. Also, longer 
heating periods will store more energy in the fuel and sub¬ 
strate. From a practical fire fighting standpoint, prompt 
suppression is required to minimize the agent evaporated in 
cooling the fuel and substrate. 

4.1.2 Heat Barrier 

Figure 4.5 illustrates the apparatus and procedure 
used to measure the decrease in evaporation rate (Rg) due to 
a layer of foam or foam solution on the surface of the fuel. 
Radiation levels from 5.4 to 1.8 BTU ft-2 sec”l were 
obtained by varying the distance between the lamp bank and 
the sample dish. The lamp spectrum at the top of the figure 
has a tail that extends into the visible region where water 
solutions are transparent; therefore, the absorption factor 
will not be as large as for infrared flame spectra. Never¬ 
theless, the family of points show that one gallon per 
100 ft2 of liquid can reduce the transmitted energy by 40° 
and a similar amount of liquid converted to foam produces an 
order of magnitude reduction, i.e., scattering in the foam is 
more effective than absorption in the liquid for reducing 
energy transmitted to the fuel surface. If the loss term (E^) 
in Equation (4.1) is small or linearly proportional to the 
energy fed back (Ef), the burning rate (R^) would also drop 
by an order of magnitude. Apparently the percentage agent 
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concentration and the expansion ratio have little influence on 
absorption and scattering. 

Measurements of foam stability were made in the 
apparatus shown in Figure 4.6 which combines the insult from 
above by thermal radiation from the lamp bank with heat from 
below by the preheated aluminum substr-ce. Weight losses were 
measured with a Mettler balance equipped with a photocell to 
count the number of dial markings passing a viewing slide. 
The term weight-loss is preferred to drainage rate because at 
high temperatures the water evaporates and very little moisture 
collects in the catch beaker. Figures 4.7, 4.8, and 4.9 show 
weight less curves for three modes of thermal insult. In 
Figure 4.7, 2% and 6% AFFF samples were exposed to four radia¬ 
tion levels typically encountered at various distances from the 
flame front. Figure 4.8 shows the influence of starting sub¬ 
strate temperatures when heat is applied only from below, i.e., 
foam was applied when the thermocouple in Figure 4.6 registered 
the temperatures indicated on the respective curves. Figure 4.9 
covers a condition where the losses are about equally divided 
between the two insults. Figure 4.9 contains data for a variety 
of concentrations and expansion ratios, while Figure 4.10 com¬ 
pares weight-losses for several application densities., In 
Figure 4.10 the one-gallon per 100 ft2 curve is a little mis¬ 
leading because the foam could not cover the entire bottom of 
the heated pan; consequently, heat was not absorbed as fast as 
in the larger application densities. The significance of the 
results in Figures 4.6 to 4.9 for fire suppression depends on 
the course of events at the flame--ront-foam interface. Accord¬ 
ing to Figure 4.7 about half the incident radiant energy is 
consumed in evaporating water and half is scattered away. From 
Figure 4.9 it appears that at a position just outside the 
flame front, the rates of energy transfer to the foam from the 
flames and hot substrate are about equal; therefore, their 
relative importance will depend on time. If the flames are 
extinguished quickly, i.e., in times short compared to the time 
required to cool the fuel, the foam destroyed by radiation will 
be negligible. However, the cooling energy is a relatively 
fixed quantity while the radiant energy will continue as long 
as the flame front presists, e.g. as in a turnback protection 
situation. 

4.1.3 Vapor Barrier 

This characteristic is difficult to evaluate 
quantitatively at high temperatures because of the difficulty 
in separating the barrier and cooling effects. Above the boil¬ 
ing point of water, the rapid temperature changes illustrated 
in Figure 4.2 coupled with the very transient existence of the 
foam complicate observations in the critical temperature range. 
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Consequently the present evaluation of barrier efficiency is 
based on circumstantial evidence in addition to measurements 
at lower temperatures. Moran, Burnett, and Leonard 
(Reference 4.1) denonstrated that at room temperature, thin 
layers of 6% FC-195 solutions reduced the vapor concentration 
over hydrocarbons such as cyclohexane and JP5 by a factor of 
10 or more. The critical film thickness was about 10 microns 
or about 0.025 gallons per 100 ft2. Thicker layers up the 
limit for stability on the surface reduced the concentration 
by only another factor of about 2. These fundamental experi¬ 
ments provide important insights into the action of AFFF but 
a quantitative extrapolation to elevated temperatures and 
multiple cells for a foam structure is not immediately forth¬ 
coming. 

A few observations have been made just below the boiling 
point of water where the reduced cooling rate and increased 
foam life-time permit observations for several minutes in 
contrast to seconds at the higher temperatures. Figure 4.11 
shows the simple experimental arrangement along with several 
evaporation curves for JP5. At 200°F the evaporation rate is 
about 0.0025 g cm~2 min“i, i.e., down by the previously men¬ 
tioned factor of about 140 from the 0.359 g cm-2 min-1 observed 
during combustion. When the foam is applied the increased 
weight produces a sudden downward displacement in the weight- 
loss curve followed by a gradual return to the initial evapora¬ 
tion rate. This transient period depends on the fuel tempera¬ 
ture and the amount of foam applied, e.g., the foam lasted 
about 5 to 10 minutes at 200°F and 20 minutes at 144°F. As 
long as foam remained visible on the surface, the weight loss 
rate exceeded the value for fuel alone. With the 6 g foam sam¬ 
ple there was no visible evidence of agent sinking below the 
surface either during application or throughout the life of 
the foam. With the 9 to 10 g samples a few drops of liquid in 
the foam sank to the bottom of the crystallizing dish during 
foam application but no lens formation or drops developed sub¬ 
sequently. Evidently the agent departed by evaporation. In 
the 6 g case the total rate just before foam application 
equalled the rate when the foam had just vanished; conse¬ 
quently it is tempting to assume that the displacement (d) 
corresponds to the fuel that did not evaporate because of the 
foam barrier. With the heavier application densities some of 
the displacement stems from the agent that sank during appli¬ 
cation. This temptation to assume a cessation of fuel 
evaporation is encouraged by the observation that new bubbles 
did not appear and existing bubbles did not increase in size 
during the foam lifetime, i.e., the secondary foam that 
forms with more volatile fuels such as AVGAS was not observed 
with JP5. The combination of visual observations and weight 
loss measurements strongly suggests that the foam effectively 
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FIG 4.11 EVAPORATION CURVES FOR JP-5 AND JP-5 + AFFF 
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stopped fuel evaporation; however, undetected water absorp¬ 
tion could undo this simple demonstration. 

4*1»4 Critical Application Density 

As defined in Table 2.1 the critical application density 
is the amount of agent that will just extinguish the fire. With 
AFFT all three suppression mechanisms are operating to reduce 
the fuel vapor reaching the combustion zone; therefore, the cri¬ 
tical application density can be discussed in terms of the 
reduction in fuel evaporation rate required to reach the lower 
limit for combustion, namely the fire point. From this point of 
view, the central question is how much reduction in burning rate 
is required for extinguishment. One estimate of reduction is 
based on measured values of the burning rate and evaporation 
rate at the fire point. Under equilibrium burning conditions 
at a temperature of about 420°F JP5 evaporates at about 
0.36 g cm-2 min“l. At 144°F, which is about the flash point, 
the rate of evaporation drops to 5.3 x 10“^ g cm-2 min-1 cor¬ 
responding to a decrease in evaporation rate of about 600. 
Another estimate of the decrease required for extinguishment, 
based on fires that extinguish themselves, e.g., fuel burning 
on substrates of sand or gravel. Looking briefly ahead to the 

_section, Figure 5.4 shows the weight loss curve for JP5 
burning in a 10 foot diameter rock bed. A comparison of the 
rate at extinction, i.e., 0.0023 g cm“2 min“l to the burning 
rate of a pool fire, 0.36 g cm-2 min-1, leads to a factor of 
about 150 in the change of evaporation rate. If it is assumed 
that cooling the fuel surface to 212°F is necessary to maintain 
a barrier for either heat absorption or vapor retention, then 
for JP5 these other two modes of protection have only to contri- 
bute a factor of 6 to 10 at most, well within their capabilities. 

. .18 sssumed that for JP5 the critical application density 
will just cool the surface of the fuel to 212°F then for the 
conditions encountered in Figure 4.2, namely a fuel temperature 
ranging from 420 to 212°F over a thickness of about one centi¬ 
meter and a specific heat of 0.6 calories g-l0C, the required 
cooling water would be about 0.8 gallons per 100 ft2. Based 
on numerous extinguishment tests on fires ranging from 10 to 
50 feet in diameter, the observed critical application density 
is slightly under one gallon per 100 ft2 for a fuel thickness 
of about 1/2 inch or less. Deep pools such as fuel storage 
tanks that have been burning long enough to heat a greater 
depth of fuel will require more cooling but such fires are not 
typical of promptly attacked aircraft crash situations. 

JP4 has a higher critical application density despite 
its lower boiling range because the flash point has now dropped 
about 140°F below the JP5 value; consequently, considerably 
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more reliance is placed on the vapor barrier action. Because 
of their low flash points both AVGAS and JP4 can generate 
secondary foam and under the proper ignition conditions can pro¬ 
pagate a transient flame through the foam. These transient 
flames run through the foam crsating a visual impression simi¬ 
lar to sheet lightning playing in the clouds. The foam 
collapses on each passage of the flame and has to be regenerated 
by the evaporation of more fuel. In the field the critical 
application density for JP4 was about two gallons per 100 ft2 
for pool fires. 

Putting aside possible theoretical interest in the 
critical application density, the practical value as a yard¬ 
stick for evaluating agents, equipment, and application tech¬ 
niques makes this parameter very useful. For example, the eval¬ 
uation of various foams should be based on their critical 
application density for extinguishing a standard test fire. 
To be valid, the test procedure must be designed to avoid 
application effects that can mask the density results. With 
some of the existing crash trucks, it is humanly impossible to 
move the turret fast enough to achieve the critical application 
densities for AFFF when the pumps are operating at maximum 
capacity; therefore, in agent evaluation tests, such trucks 
should be operated at reduced pumping rates. Obviously the cri¬ 
tical application density provides the fundamental criterion 
for the design of foam trucks. The goal should be units that 
can apply foam uniformly at densities down to the critical value, 
Similarly, the critical application density provides a valuable 
yardstick for evaluating the performance of the fireman, par¬ 
ticularly his development in a training program or his need 
for more training. 

4.2 Foam Properties-Importance of 

Conventional foam qualities, namely the expansion ratio, 
drainage rate, and percentage agent concentration, are measured 
by routine procedures as specified in NFPA 112. In this section 
we will look for correlations between these characteristics and 
the features playing an important role in extinguishment, i.e., 
cooling, thermal barrier, and vapor barrier as discussed in 
Section 4.1. 

4.2.1 Expansion Ratio 

In the laboratory experiments for foam survivability 
summarized in Figure 4.9 variations in the expansion ratio from 
3 to 10, i.e., the extreme range encountered with foam generat¬ 
ing nozzles, had no effect on the weight loss. As previously 
mentioned, the steam generated when the foam contacted the hot 
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aluminum dish expanded the foam to several times its initial 
volume until the pan had cooled to 212°F at which time the steam 
condensed and the foam collapsed. This steam inflation con¬ 
trolled the contact to the pan and thus the cooling rate during 
the critical high temperature period. The thermal barrier 
to radiation and convection will improve with the number of 
bubbles present as shoul-’ the barrier to escaping fuel vapors; 
however, the initial expansion ratio appears to nave little 
effect on the ratio achieved after steam inflation. Although 
the low expancion AFFF foams were never superior to the higher 
ratios, the ratio usually had little effect; consequently this 
parameter can be adjusted for convenience in application of the 
foam. For example, when the ambient winds are low and the 
distance from nozzle to target is short, a high expansion ratio 
is advantageous because the large volume simplifies the appli¬ 
cation of a uniform coating. Conversely, when long trajectories 
are involved, the ratio can be reduced to provide a dense foam 
that is less susceptible to air currents and thermal updrafts. 

4.2.2 Drainage Rate 

Drainage rates measured at room temperature are useful 
in evaluating a foam making process where several batches of 
the same agent are compared, but not for comparing different 
agents. The stability of the fire fighting agents should be 
determined at elevated temperatures, preferably near the boiling 
point of water. For example, protein foam normally exhibits 
a lower drainage rate than AFFF under the NFPA test, but above 
165°F the coagulated protein cannot maintain or form a foam. 
Consequently, as indicated in Figure 4.1, the AFFF is more stable 
than protein foam throughout the critical elevated temperature 
range. In summarizing the importance of the standard drainage 
rate test, it should be noted that fire fighting may involve 
two steps: extinguishment, and burn-back protection when the 
entire fire cannot be extinguished in a very short time. For 
extinguishment the high temperature properties of the agent are 
of paramount importance, but from time to time it has been 
argued that once the fuel and substrate have been cooled, the 
agent with the lowest drainage rate could exhibit better burn- 
back protection. In an effort to evaluate this assertion, 
Geyer (reference 4.2) compared the burn-back characteristics of 
protein foam and AFFF in a series of tests involving partial 
extinguishment followed by burn-back. During a typical 30-minute 
sequence control required six applications of AFFF for a total 
664 gallons compared to four applications of protein foam 
involving 1,040 gallons, i.e., about 22 gpm for AFFF versus 
34 gpm for protein. Apparently the overall advantage remains 
with the thermally more stable foam. 
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4.2.3 Percent Concentration 

The ability of the FC-200 to withstand thermal insult 
was relatively independent of the agent concentration in the 
range from 2% to 6% as shown in Figures 4.9 and 4.10. Since 
these tests principally follow the evaporation of water, the 
lack of a concentration effect is not surprising. Agent con¬ 
centration should be important where the vapor barrier is tested 
such as in extinguishment. In small laboratory suppressions, 
the same minimum critical application density was found for 
both 3% and 6% concentration; however, it was easier to repro- 
ducibly achieve extinguishment at the critical application 
density with the 6% foam. 

4.2.4 The Ideal Agent Characteristics 

Three factors are involved in c comparison of fire 
suppression agents. 

1. Efficiency as measured by the critical application 
density. 

2. Operational latitude and convenience. 

3. Cost. 

Obviously, the ideal solution will have the lowest critical 
application density, the maximum latitude and convenience in 
use, and the lowest cost. Where lives are in danger as in air¬ 
craft crash fires, the first two factors should determine the 
choice of agents. 

In developing or selecting an agent, the efficiency 
will depend on the foam's ability to cool the fuel and to pro¬ 
vide thermal and vapor barriers between the fuel and the flames. 
For cooling, water is an ideal material, because (1) of its 
exceptionally high heat of vaporization, i.e., the highest of 
all common materials and (2) because of the convenient boiling 
point, i.e., below the middle of the boiling range for the com¬ 
mon aircraft fuels, AVGAS, JP4, and JP5. Since all foam solu¬ 
tions are more than 95% water, they have essentially the same 
potential cooling power; therefore, the only area for improve¬ 
ment involves keeping the water where it will be most efficient, 
mainly on or above the fuel surface. As outlined in Section 4.1, 
the agent must achieve good stability at the boiling point of 
water if the foam is to survive the initial cooling phase. A 
simple test that will provide a relative comparison of the high 
temperature stability of foams can be readily performed in the 
laboratory. For example, heat a small beaker of each agent to 
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the boiling point of water while slowly bubbling air through the 
liquid. A stable solution should still form bubbles at 212°F 
and generate some transient bubbles due to steam inflation. 
This simple procedure will illustrate the substantial difference 
in stability between protein foam and AFFF. 

For the thermal barrier against radiation and convective 
heating again a water foam provides a good material because 
water has good infrared absorption characteristics and the air 
bubbles in the foam both reflect light and provide excellent 
insulation. To maintain its effectiveness^ the barrier must 
cover the fuel surface and not disintegrate at the elevated 
temperatures, i.e., the water should leave by evaporation out¬ 
ward and not by drainage into the fuel. Consequently, the stability 
requirements are the same as those required for cooling. Two 
factors of molecular architecture are important for the vapor 
barrier. First, the agent must have good surfactant character¬ 
istics so that a sealing layer of protective molecules will 
readily cover the fuel and, second, these molecules should exhibit 
a low vapor pressure so they will not evaporate along with the 
water at the elevated temperatures. Undoubtedly, the success 
of the fluorocarbons in these tests stems from good performance 
in both of these categories. 

The qualities listed so far pertain to extinguishment; 
however, there are circumstances where complete extinguishment 
is not possible, then the question of burn-back protection 
becomes important. In Section 6.0 where a series of burn-back 
experiments are discussed, two general situations are encountered 
corresponding to flames moving downwind or upwind. In the 
first case, the flames lean over the foam producing an intense 
thermal load particularly at the leading edge of the foam. The 
water evaporates rapidly and the thin film of surfactant mole¬ 
cules is soon destroyed. Foam life in this situation is deter¬ 
mined primarily by the amount of water available for 
evaporation. In the usual situation where the agent is applied 
from the upwind side of the fire, the flames lean away from the 
foam blanket and the thermal insult is less severe than in the 
preceding case. Now the drainage characteristics of the foam 
have time to exert their influence. As the AFFF foams age, 
fissures often develop when there are no longer enough bubbles 
to cover the entire surface. The burn-back pattern follows and 
expands these open areas. Under these circumstances, the 
drainage time for the foam becomes important and the ideal foam 
would have a long life in addition to the excellent extinguish¬ 
ment characteristics. 

Several laboratory attempts were made to enhance the 
burn-back resistance of AFFF by incorporating glass micro-balloons 
in the solution to provide a permanent layer of bubbles. Unfor¬ 
tunately, the microspheres acted as foam breakers and prevented 
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the normal entrapment of air. Another combination which incor¬ 
porated the microspheres in an emulsion containing a 95% water 
solution of 6% AFFF had fair stability but the technique for 
generating a foam or applying a thin uniform emulsion layer 
appeared to be a problem beyond the scope of this project. If 
such combinations of water, and inorganic bubbles were to become 
practical, economics might dictate the use of sinispheree, the 
little hollow spheres formed in fly ash, in preference to the 
more expensive micro-balloons. 

From the standpoint of operational latitude, the ideal 
agent should exhibit good extinguishment efficiency even though 
the application equipment and techniques cover a rather wide 
range of expansion ratios, application uniformities, and appli¬ 
cation patterns. For example, the 10 foot diameter JP4 and 
JP5 fires were readily extinguished with AFFF in droplet form 
and the aircraft carrier flight deck sprinkler systems tested 
at China Lake were effective without making appreciable foam. 
Finally, the ideal agent should be harmless to personnel and 
equipment both as the solution is applied and as products that 
may evolve through interaction with the fire. 

M 

4.3 Application Modes 

The concept of ideal application implies equipment and 
techniques capable of (1) generating a good quality foam and 
(2) depositing a perfectly uniform layer of foam over the fuel 
surface without loss in transit. Application densities should 
be controllable down to the critical value. In practice uniform 
coatings are very difficult to achieve and, of course, some losses 
are always present; consequently, this section will be con¬ 
cerned also with how to minimize these problems. As indicated 
in Table 2.1 the existing modes of application can be divided 
into two categories (1) total coverage where the total fire area 
is suppressed simultaneously as in the case of sprinkler systems 
and (2) incremental coverage where at any instant the agent is 
applied to only a small part of the fire area, e.g., a monitor 
or handlines. In keeping with the ideal concept, the simplified 
extinguishment model employed here neglects all categories of 
foam loss. The model assumes extinguishment will occur when 
the agent applied per unit area reaches a threshold value which 
is independent of the rate of application, i.e., the critical 
deposition density. For the same total pumping capacity both 
modes of application will extinguish the fire in the same time; 
however, during extinguishment the appearance of the fire will 
be somewhat different in the two cases. In the total sprinkling 
mode, the burning area remains constant, but the specific burn¬ 
ing rate must decrease with time. In the incremental mode, the 
burning area decreases and the specific burning rate remains 
essentially constant in the fire area. 
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4.3.1 Total Simultaneous Coverage 

This mode of application is employed extensively on 
aircraft carriers, both on flight decks protected with AFFF 
discharged through the washdown nozzles inbedded in the deck 
and on the hangar decks where the agent is dispensed through 
overhead sprinklers. Overhead sprinklers are also encountered 
in aircraft hangars ashore. In both of these arrangements the 
foam trajectories pass through a hostile environment that 
generates substantial losses; consequently, the deposition 
parameters depart substantially from the simple application 
values developed below. If the losses can be approximated by 
a constant percentage of the applied agent, the relationship 
will have the same form as for the ideal case. 

Starting with the pumping capacity Rp and the application 
area A the specific application rate 

R 
S = T* r A (4.2) 

and the application density 

R t 
S - = tS = —ír— 
d r A (4.3) 

if the critical application density equals S^c then the 
extinguishment time 

t = 
e 

SdcA ’dc 
(4.4) 

In graphical form expression 4.4 leads to a family of hyperbolic 
curves i.e., one curve for each value of Sdc when the extinguish¬ 
ment time is plotted as a function of the pumping rate Rp or 
the specific application rate Sr. A family of straight lines 
is obtained when the total agent G = Rpte = SdcA is plotted as 
a function of Rp. Figure 4.12, which is reproduced from 
Reference 1.1 illustrates the hyperbolic relationship in 
Equation (4.3) as ronmonly presented in the literature. 
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4.3.2 Incremental Coverage 

In the simple incremental mode illustrated in Figure 4.13 
foam is applied uniformly over a rectangular foam print of length 
(L), width (W), and Area (a') which is moved at uniform velocity 
(V) along the sweep path to generate the desired application 
density. The instantaneous application rate Sj[ is propor¬ 
tionally related to the pumping rate Rp by 

= ÜE (4.5) 

and the area uniformly covered with foam per unit time becomes 

a = LV - a' (4.6) 

Foam will be applied to any spot outside the initial print 
position for a time 

t = w t V (4.7) 

and the application density becomes 

S4W S • a' 

sd = Sit = ~ = LV- 
(4.8) 

If the velocity is adjusted to Vc, i.e., a value that deposits 
the critical application density S(jc 

S -a' 
1 

LV° “^7 
(4.9) 

and the total fire area A will be extinguished in a time 

te * ~ " 
(LVC - a') 

S. 
(4.10) 

(^- - D 
dc 
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Graphically the extinguishment time (t ) is a hyperbolic 
function of the area (a) as illustrate! by the family of curves 
in Figure 4.14 where each fire area (A) corresponds to a 
different hyperbola. If the pumping rate is large or the foam 
print is small so that >> s¿c the extinguishment time 
reduces to 

A S 
t = 
e 

dc 
S, 

A S dc 
R 

(4.11) 

i.e., the same hyperbolic relationship encountered in 
Equation (4.4) for total area extinguishment; however, the 
expression relating extinguishing time to application rate now 
involves the instantaneous application rate and the foam print 
size. This relationship is still hyperbolic, but now the ratio 
of fire area to spot area determines which hyperbola is involved 
and which parameter should be maintained constant if extinguish¬ 
ment data are to be compared. For example, in the China Lake and 
AGFSRS test A, S¿ and a' were frequently changed simultaneously 
so in a plot of t versus Si each point could fall on a dif¬ 
ferent hyperbola. Furthermore te is now directly proportional 
to the fire area as it should be when a constant area is being 
extinguished per unit time. 

If the foam print area a' is a large fraction of the 
fire area and the sweep path remains inside the fire ^rea, the 
beginning and end of the operation leaves some non-un^formly 
ccated areas, Equation (4.10) applies and the shapes of the 
curves are perturbed. In the drive-by technique employed in 
this study, this complication was avoided by starting and 
stopping the sweep path outside the fire area. 

The other parameters of concern pertain to the mechanism 
of applying the agent. For example, what are the effects of 
spot size, more than one spot, and multiple versus single coats 
of agent on the extinguishment time, agent required, and free¬ 
dom from roignition. The model permits some predictions regard¬ 
ing these parameters. For example, in the ideal case where no 
agent is lost and uniform application density is achieved, the 
number and size of spots have no effect as long as the pumping 
rate remains unchanged. If differences in performances are to 
be found, they must appear in the losses and the problems of 
achieving a uniform application density. Figures 4.13 and 4.15 
illustrate the influence of spot size and shape on the 
losses. Several ground patterns from AGFSRS report 71-1 are 
reproduced in Figure 4.15. The straight stream patterns are 
approximately twice the length of the dispersed stream pattern. 
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However, there is less than 20% difference in the total areas. 
For our immediate purpose, the analysis will be simplified by 
three assumptions. First, the pumping rate remains constant. 
Second, the agent is uniformly distributed over the spot, which 
in reality, it is not. Third, the spot shape can be approxi¬ 
mated by a rectangle as indicated in Figure 4.15. If these 
rectangles are moved as indicated in Figure 4.13, Equation (4.9) 
indicates that only the dimension (L) perpendicular to the 
direction of motion influences the velocity required to achieve 
a particular application density. Spot 1 has 1/4 the area, 
but the same length as spot 2. In one sweep across the fuel 
bed, both spots will deposit the same density of agent except 
at the ends where the densities will trail off more for the 
wider spot as indicated by the application density charts at 
the top of the figure. However, when spots 3, 4, and 5 are 
moved, the velocities will have to be inversely proportional 
to the spot lengths for the applications densities to remain 
constant. This velocity difference leaves the initially 
extinguished area for spot 3 exposed to the adjoining fire 
twice as long as for spot 4 and 4 times as long as for spot 5 
before the returning sweep moves the fire back one spot length. 
If the destruction rates are the same for all of three cases, 
a thicker layer of protective foam will be required to pro¬ 
vide the necessary protection times in spot 3. Presumably a 
reduction in the required specific application density could 
be achieved that would favor shorter spots either from the 
standpoint of minimizing the required agent or for maximizing 
the protection against reignition. Counteracting this effect 
is the greater foam front displacement distance with the longer 
spots which provide a greater reduction of thermal insult. 
Unfortunately, with existing nozzles the control of spots size, 
uniformity, and sweep pattern is not adequate to resolve these 
fine points of application. In the ideal paths employed in 
Figure 4.13, there are no overlapped or skipped areas as 
encountered in actual operation. With manual operation, the 
larger number of sweeps and the faster movement of the turret 
required by short spots would offer more opportunities for 
operator overkill and misdirected foam losses La 1^. How¬ 
ever, with automatic indexed, motor driven turrets, these 
losses might be made independent of spot size. 

When the question of single versus multiple turrets is 
examined in a similar manner, the model indicates that updraft 
and evaporation losses Lu Le should be the same for any 
number of spots as long as the combined area of spots is modest 
compared to the size of fuel bed and the pumping rate is fixed 
and independent of the number of turrets, i.e., in a given 
time, the single fast moving spot would cover the same area 
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as the multiple spots and the same suppression time would be 
required, at least for simple sweeps illustrated in Figure 4.13. 
When manual operation is considered there appears to be 
advantage to a main turret for principal coverage with a small 
capacity spot in addition to extinguished areas missed by the 
main turret. A similar reduction in the La losses might 
be achieved with automatic turret control since perfectly uni¬ 
form application is virtually impossible to achieve manually. 
The question of building up the foam layer in a single versus 
multiple coats cannot be answered until tetter information is 
available about the reduction in burning rate for foam deposits 
below the critical application density and the rate of destruc¬ 
tion for such foam concentration. With the sweep rates avail¬ 
able in the drive-by type of application, the second coating 
could not be applied before essentially complete flame 
recovery had occurred and consequently, larger total appli¬ 
cation densities were required for multiple passes. With 
stationary vehicles and a sweeping turret it is normally diffi¬ 
cult to achieve spot densities below the critical application 
value due to the inertia of the turret. Therefore until 
finer control is attained on spot size, uniformity and motion, 
the drive-by technique of extinguishing the fire in one pass 
appears to be the most efficient operation. 

4.4 Critical Application Density Measurements 

Critical application densities for the extinguishment 
of JP4 and JP5 with 6% AFFF were established for pool fires 
on water and rock substrates in the 10 foot pan. For these 
tests three forced-air foam nozzles were mounted on a pipe 
framework which was manually pushed over a set of rails along¬ 
side the pan. Uniform application was achieved by maintaining 
a uniform velocity over the pan area. Application densities 
measured by sampling pans were found to be in agreement with 
densities calculated from the pumping rate and the measured 
time to pass over the fire area. Although the foam quality 
was not as good as achieved with the larger conventional noz¬ 
zles used in the vehicle field tests, there was no loss in 
fire suppression effectiveness. 

Two sets of nozzles were required to achieve the 
application density range. The smaller nozzles produced an 
expansion ratio of 5.8 with a 25% drain time of 1.8 minutes. 
The larger nozzles gave an expansion ratio of 7 and a 25% 
drain time just under one minute.. 

Because of the experimental procedure, the data 
for JP5 fires in Table 4.1 and the JP4 fires in Table 4.2 include 
two or three values for each test number. A test number cor- 
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responds to a fresh supply of fuel that completely covered the 
rocks to form a typical pool fire for the first application of 
AFFF. If extinguishment occured the fuel was reignited other¬ 
wise burnback was allowed to reestablish the fire, then foam 
was applied again 30 seconds after full involvement or when 
sufficient fuel had been consumed to expose the desired area 
of rocks. As more rocks are exposed, the fuel surface area 
decreases, the total burning rate is reduced, the fire becomes 
less smokey, and less agent is required to extinguish a unit 
area of the fuel bed. 

Figures 4.16 and 4.17 show the suppression results 
plotted according to the application density. In most cases 
the critical application density is well defined, i.e., for 
JP5 0.64 gal/100 ft2 for 6% AFFF on a pool and 0.5 gal/ 
100 ft2 for approximately equal surface areas of fuel and 
rocks exposed to the flames. Similarly with JP4 the critical 
densities were about 2.1 gal/100 ft2 for pool fires and 
1.6 gal/100 ft2 for the exposed rocks or about three times 
the requirements for the corresponding JP5 fires. These 
densities are comparable to the values found on the larger 
fires using crash trucks and the drive-by application tactics. 
The anomalous point for a rock substrate in Figure 4.16 has 
not been explained but obscuration by smoke and flames made 
it difficult to determine the area of rocks exposed and thus 
the time to commence suppression so as to maintain a constant 
burning rate from one test to the next. In summary it is con¬ 
cluded that fires on rock substrates become easier to extinguish 
as the fuel level sinks and exposes a larger rock area. 

5.0 

5.1 

5.1.1 

EXTINGUISHMENT WITH CONVENTIONAL EQUIPMENT AND 
TECHNIQUES 

Total Area Extinguishment with Liquid Drops, i.e. 
Expansion Ratio = 1 

Effects of Fire Size: 10 Foot Pan; LLL300 50 x 50 Feet; 
China Lake 93 X 90 Feet ~~ 

Radiation control times for fires suppressed by the 
"uniform" and instantaneous application of light water solutions 
by means of spray nozzles show a hyperbolic relationship when 
plotted as a function of the spray appUcation density in 
GPM/ft2* Such a plot for 3 ana 10 FT/dia and ;>C - ft square 
pool fires of JP5 is shown in Figure 5.1 and the data are tabu¬ 
lated in Table 5.1. The reasons that larger fires require 
longer times to control at a particular specific application 
rate are exceedingly complex. The physical process in these 
experiments involves principally the interaction of drops of 
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Table 5.1 

RADIATION CONTROL TIMES FOR JP5 POOL 
FIRES SUBJECTED TO TOTAL EXTINGUISHMENT BY SPRINKLERS 

Test No. 

10 

8 

9 

7 

19 

23 

24 

25 

26 

29 

30 

32 

33 

34 

35 

38 

75 

76 

Fire Dia., 
Feet 

3 

3 

3 

3 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

50 X 50 

50 X 50 

81 

Control 
Time, Sec, 

3.3 

4.5 

3.8 

9.9 

5 

4.5 

5 

6.6 

11.6 

13.8 

7.3 

7.7 

10.2 

9.2 

4.2 

5 

8 

9.3 

GPM 
-T 
FT 

0.1319 

.0795 

.0799 

.0311 

.206 

.116 

.137 

.113 

.062 

.066 

.088 

.126 

.126 

.103 

.123 

.109 

.236 

.225 

I 

jmmkm 



light water solution with the flame zone and the fuel surface. 
Several variables of major importance are the cooling effect 
of the water impacting the fuel surface and the amount of agent 
stripped from the drop and remaining on the surface before the 
drop sinks to the bottom of the fuel layer. Both of these 
physical processes depend to a large extent upon the size and 
temperature of the drop which reaches the burning surface. 
Both temperature and drop size are a function of the path 
length through the flame zone and the gas velocity encountered 
during transit. Larger trajectories combined with the buoyant 
gas velocity of larger fires result in fewer particles impact¬ 
ing the fuel surface. Thus longer times are required to cool 
the fuel and establish a vapor barrier; i.e., actions which 
retard the fuel evaporation rate. 

The suppression date for sprinkled fires has been 
correlated to the average path length through the combustion 
zone by the equation; 

(gpm\°•®57 0.406 
= 0.953X (5.1) 

where GPM _ 
A 

tc 

X 

= sprinkler rate, gal ft“2 min-1 

radiation control time, sec 

average path length 

Since Equation (5.1) was derived empirically from Figure 5.2, 
it should be considered specific for experimental conditions 
of wind and spray characteristics encountered in these tests. 
The average path length for circular fires is defined as the 
average path through the inclined flame zone to the fuel sur¬ 
face where the angle of inclination is defined as in Figure 5.3. 
The angle of the wind-blown flame was calculated from the 
Sleipchevich expression, defined earlier, and experimental 
data. Geometrical relationships derived to calculate the 
path length for a drop impacting a chord of the circular pan 
from zero length to the maximum path through the flames. These 
paths were then averaged by a computer program to cover a large 
number of chords. 
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5.1.2 Effects of Environment: Substrate, Wind, Objects 

Contrary to the experience with AFFE and incremental 
extinguishment cited in Figures 4.16 and 4.17, the JP5 fires 
on sand or rock substrates were harder to extinguish than pool 
fires when the agent was sprayed as liquid drops in this series 
of total coverage extinguishments. The ease of extinguishment 
depended strongly on the fuel level in the rocks at the onset 
of suppression. Initially the burning rates of fuels on these 
substrates are reasonably close to that of pool fires and as 
the substrate is exposed it tends to become hotter than the 
boiling temperatures of the fuel. In this condition, the fire 
is harder to extinguish and requires a greater amount of agent. 
However, eventually the fuel level is lewered sufficiently so 
that the mass burning rate is lowered significantly because of 
the drastic decrease in radiative heat transfer as a driving 
force. The fuel burning rate becomes conductively driven and 
appreciably lower. The weight loss curves for such an 
experiment are in Figure 5.4 where the initial fuel burning 
rate of 0.054 lb min-1 ft“2 tapers off to 0.0048 lb min“1 ft2. 
The extinguishing times to control radiation for 10 foot and 
50 foot X 50 foot JP5 fires on rock substrates are given in 
Table 5.2. Comparison of these results with the pool fire data 
in Figure 5.1 shows the extent of the difficulty in extinguish¬ 
ing fires where the exposed rock has heated above the boiling 
point of the fuel. After the fire level subside? because the 
burning mechanism is now limited by the conduction of heat 
through a rock layer, extinguishment becomes a relatively easy 
task accomplished by either foam or water. 

In the CASS experiments of March 1970 or the 83 foot 
X 90 foot mini-deck at the Naval Weapons Center, China Lake, the 
experimental variables investigated included both the effect 
of wind and aircraft on the suppression times required by deck 
spray systems employing AFFF. If the amount of suppressant 
required to extinguish a unit area of fire remains constant 
regardless of the rate of application, the curve for the con¬ 
trol time versus the specific application ratio becomes a 
hyperbola. The three hyperbolas shown in Figure 5.5 correspond 
to the normal application density for the CASS test which was 
0.04 gal/ft2 and the actual densities which range from 0.03 
to 0.12 gal/ft2. The control time in these experiments is 
defined as the time when 95% of the fire was extinguished. In 
Figure 5.5 most of the control times for the first 12 tests, 
shown as numbered points, fall near the boundaries set by .03 
and 0.16 gal/ft2 hyperbolas. When the run is represented by 
a single point, the mode of application remains constant up to 
the control time. In Tests 3, 7 and 8 where 2 points are 
connected by a line, the initial application rate indicated 
by the plus sign was increased part way into the test by hand 
lines which boosted the rate up to the values shown by a dot. 
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Table 5.2 

RADIATION CONTROL TIME FOR JP5 POOL FIRES OR ROCK 
SUBSTRATES SUBJECTED TO TOTAL EXTINGIUSHMENT BY 

SPRINKLER 

Test No. 

72 

73 

67 

68 

69 

70 

71 

Fire Dia., Feet 

50 X 50 

50 X 50 

10 

10 

10 

10 

10 

Control Time 
_Sec. 

12 

20.4 

13 

15.4 

7.2 

23 

16 

GPM Ft 

0.232 

0.232 

0.49 

0.52 

0.50 

0.50 

0.50 

-2 
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In the wind effects test, the initial application rate was 
held constant at about 0.1 gal/min, ft2, but the control time 
decreased substantially with the air velocity from 75 seconds 
in still air for Test 8, to 50 seconds at 17 knots in Test 7 
and 40 seconds at 30 knots in Test 9. Obviously the effect of 
wind was to aid the spread of AFFF over the fuel. The wind 
may also have increased the turbulent interaction of the spray 
drops with the surface thereby increasing the cooling rate. 
As indicated in Section 4.1.2, this cooling is a primary fac¬ 
tor in reducing the evaporation rate of the fuel which feeds 

the combustion zone. 

The aircraft parked on the mini-deck also caused a 
change in agent required for suppression. In general, the 
five planes parked on the deck increased the application den¬ 
sity required for extinguishment, i.e., the points for Tests 7 
through 12 are generally closer to the 0.16 hyperbola than 
Tests 1 through 6. Similarly Test 1 with a clear deck can be 
compared with Tests 2 and 4 which involved the mock-up. 
Again the obstruction moves the data to the right. 

5.2 Incremental Suppression Tests with Fireman 

5.2.1 Moffet Field and LLL Site 300 Tests with the MB-1 

The basic assumption of the incremental suppressant 
model is that a single turret operated by a fireman will cover 
the fire area at a constant rate so, 

(5.1) 

(5.2) and 

where t = time required to control fire, seconds 

A = fire area, ft2 

1/a = slope, sec/ft2 

This postulate leads to the requirement that the gallons of 
agent per unit area also be constant, therefore 

(5.3) 

89 



where G = gallons of agent used to control point 

Sdc “ slope, gallons/ft2 

By definition 

G GPS 
tA " A (5.4) 

where GPS = gallons of suppressant per second, 

Rearrangement of these equations leads to; 

GPS = SdcA 

A at2 
(5.5) 

We would predict from this approach that a constant rate of 
coverage of the fire area by any combination of turrets would 
give a hyperbolic relationship between the control time and 
the fire area extinguished per unit time, i.e., a restatement 
of Equation 4.10. The slopes a and S¿ic can be determined by 
the appropriate plots and these in turn can be used to derive 
the conventional plots of control time versus application den¬ 
sity expressed as GPS/A. Further, the model provides a posi¬ 
tive means of comparing results from extinguishing tests 
where the rate of pumping (GPS) is changed, where different 
equipment is used or where new fire teams are being trained. 
It should be noted that this model predicts different curves 
for any experimental variable affecting the gallons of sup¬ 
pressant sprayed per second. This would include both equip¬ 
ment, foam and personnel variables. 

The performance and efficiency of a fire truck is 
assumed to be a direct function of the rate at which a moni¬ 
tor or turret operator can cover the required fire area 
with suppressant. Thus, if extinguishment tests are per¬ 
formed by the same equipment on successively larger fire 
areas, and the operator extinguishes the fire at a constant 
rate, a plot of radiation (or visual) control time should 
be linear with fire area. Such a relationship :.s confirmed 
in Figure 5.6 by experimental data from testing the Navy 
MB-1 truck at Moffet Field and at LLL Site 300 on JP5 
fires up to 2500 ft2. In these experiments two different 
MB-1 trucks were used, practically every test was conducted 
with different operators, experienced and inexperienced and 
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FIG 5.6 CONTROL TIMES FOR JP-6 FIRES USING 6% AFFF SOLUTIONS & MB-1 TRUCK 
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the tire sizes varied from 50 feet x 12-1/2 foot to 50 foot 
X 50 foot. The suppressant data from these tests are given 
in Table 5.3. 

A number of factors should influence the consistency 
of the data presented in this way. Operator experience, sup¬ 
pressant flow rate, number of turrets operated, obstructions 
in the fire area and fuel behavior with respect to volatility 
and reignition are the primary variables in this respect. 
This method of data presentation also allows us to compare 
the performance of two competing trucks with regards to effi¬ 
ciency in suppressing fires and to do so with considerable 
sensitivity. An example arises in our data in the comparison 
of the performance difference between using one or two turrets 
on the MB-1 truck. With one turret the operator covered 
148 ft2 fire area per second to the control point signifying 
the reduction of radiation as measured by the method shown in 
Figure 5.7. With two turrets the coverage rate went to 
268 ft2/sec, or a factor of 81% over the single turret per¬ 
formance. The additional turret did not give an expected 
doubling of the single turret coverage rate. This may come 
about from the fact that these fires were of such small size 
that there was some overlap in coverage between the two tur¬ 
rets and some misdirected streams beyond the boundary of the 
fire area. This lack of coordination between the two turret 
operators is a training factor which could gain some increase 
in performance since the potential exists for doubling the area 
coverage rate in going from one to two turrets. 

Those data points which do not fall near the majority 
curve can be attributed to inexperienced operators and a sig¬ 
nificant difference in the fire bed characteristics. At Moffet 
Field the fuel was floated on a water pool contained within 
dikes. At LLL Site 300 the fire bed consisted of rocks lined 
with corrugated sheet metal and this tended to make reigni¬ 
tion easier. Such behavior was apparent from a study of the 
time-lapse film of the fires in question. 

The development of "trained performance" curves of 
this type for specific apparatus allows us to evaluate the 
training of equipment operators where their times to control 
known areas of fire can be compared to the standard. A like 
argument can be made for the training of a two turret team 
where the object is to reach the doubling potential of the 
single turret rate of coverage. 
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When the fire area extinguished is plotted against 
the time required, as in Figure 5.8, the data scatter empha¬ 
sizes a number of responsible factors and conclusions. In 
the first place the wasted time in completing the extinguish¬ 
ment process results in the rate of coverage being reduced to 
almost half of that found when considering just control time. 
This points up again that as the fire area grows smaller, the 
wasted motions tracking the last xemaining traces of fire 
increase. In our plot we have drawn the curve through points 
denoting tse most efficient extinguishment. The action in 
terms of feet covered per second of one crew using two tur¬ 
rets was nearly twice that of the one turret operators being 
trained for this job. However, in 50% of the sample the two 
turrets did no better than one in extinguishing the fire. 

We can only conclude from our data that the value of 
extinguishing time as a measure of efficiency is rather limited 
probably because it is a mop-up operation after control is 
achieved. Its importance is primarily in that it does have to 
be accomplished, and it therefore consumes water and agent. 
If shut-down is called for after control is achieved, the fire 
will spread again to its full size and burn until all the fuel 
is consumed. Perhaps the best strategy during this time inter¬ 
val is to reduce the GPM being used during mop-up operations 
in order to conserve suppressant. 

A second requirement imposed by this model is that the 
gallons of suppressant per ft^ cf fire also be constant. 
Such a plot for the Moffet Field and LLL Site 300 tests is 
shown in Figure 5.9. Again the data appears to support the 
assumptions in the model. 

Since one of the purposes of this analysis is to show 
the relationship between the model hypothesizing a linear rate 
of suppressant coverage (constant ft^/sec) and the hyperbolic 
relationship between control time and GMP/ft^, the data have 
been plotted in this way in Figure 5.10. The curve drawn 
through the experimental points was calculated from 
Equation (5.5) using the slopes from the linear relationship 
in Figures 5.6 and 5.9 and the experimental pumping rates. 
Tests 52, 75 and 76 are believed to be outliers primarily 
because the crews operating the MB-1 truck on these tests were 
doing so for the first time. A secondary reason in the case 
of Tests 75 and 76 is the type of fire bed construction, i.e. 
the use of rock versus a water substrate. 

When fire tests are designed with this basic model 
in mind, the correlations may be extrapolated to larger fires 
under the same operating conditions (constant dA/dt) with con¬ 
siderable confidence, up to a point. The use of a single 
experimental test might lead to erroneous conclusions unless 
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it is verified that dA/dt is indeed relatively or explicity 
constant. There is also a boundary imposed on extrapolating 
to larger fires by equipment limitations where the suppressant 
stream from the turrets cannot reach the fire. 

5.2.2 China Lake, CAT/Klein Tests 

With these limitations in mind we have analyzed the 
experiments at NWC where an experimental fire truck was tested 
for capabilities in controlling large aircraft fuel fires such 
as those which might relate to a C-5 crash situation. The 
fire-fighting truck is referred to in this report as the CAT/ 
Klein truck. The analysis is made using the single test 
result from increasingly larger fires which the apparatus was 
tested against. The data used in this analysis are in Table 5.4. 
The diagrams in Figure 5.11 shows the area covered by the fire 
in relationship to the C—5 mock-up made of sheet metal arrayed 
in a three dimensional structure to simulate the fuselage and 
wing sections of the C-5. The radiation control times from 
these tests are plotted in Figure 5.12 as a function of the fire 
area.. Note carefully that both GPM and the method of attacking 
the fire were changed as the fire size was increased. On the 
same curve we show the visual control times taken in the field 
during the tests. This is to emphasize that there is a dif¬ 
ference between radiation and visual control times. Our 
preference is to use the former because it is dependent less 
upon the human element which might inject an appreciable vari¬ 
able between independent investigators. 

The corresponding curves of total gallons of suppressant 
versus fire area are in Figure 5.13. The slopes of these 
curves and the experimental pumping rates were used to prepare 
the curves in Figure 5.14 correlating the radiation control time 
against the application rate density in GPM/ft2. Keeping in 
mind that we have developed a predicted performance curve from 
one test without confirmation that the basic assumption of our 
model of constant ft2/sec is reasonably true, we may attach 
a provisional interpretation to the data. The crew operating 
the CAT/Klein truck did improve their efficiency on the larger 
fires. The smaller 8000 fire was attacked usinç only 
one turret pumping at 878 GPM. This ±s the primary reason 
for its lower rate of coverage in ft2/sec. The other three 
fires were also attacked in a more efficient manner which gave 
increased coverage rates in each case as the fire size was 
enlarged. Two turrets operating at 1470 GPM were used on the 
16,000 ft fire. In this situation the truck approached from 
upwind and movement was restricted to moving forward toward 
the fire in a straight line. The lateral range to the far 
end of the fire was 200 feet. The 30,000 and 48,000 ft2 
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fires were attacked by driving at increasing speeds around 
the fire perimeter while spraying continuously from both tur¬ 
rets. The 32,000 ft2 fire was basically two 80 x 200 foot 
rectangles on each side of the C-5 mock-up. The maximum dis¬ 
tance from the edge of the mock-up to the fire perimeter wc.s 
120 feet. The 48,000 ft2 fire was two 120 x 200 feet areas 
separated by the C-5 mock-up. Figure 5.11 illustrates each 
fire area and the method of attack. 

The utilities of adapting this extinguishment model 
are many. There are also words of caution. The primary advan¬ 
tage is the minimization of experimental tests required to 
characterize a piece 3f fire fighting equipment. If our assump¬ 
tion of constant rates is applicable, several tests are all 
that would be required to evaluate a particular equipment con¬ 
figuration. This method could also evaluate equipment options 
such as higher pumping ratet, more efficient or multiple noz¬ 
zles, training progress and allow extrapolation to larger fires. 
The latter option cannot be done if other constraints such as 
maximum range of the nozzles becomes a critical variable. 

^•3 Effect of Foam Quality on Fire Suppression 

The ability to determine the effect of foam quality 
on fire suppression when using conventional equipment and tech¬ 
niques is seriously hampered by the experimental variability 
introduced by the human element, the fireman. The method of 
attacking any test fire is included within this definition. 
If in any experimental design proposed to investigate foam 
quality parameters the experimenter changes the suppression 
pumping rate or the rate of suppression in ft2/sec (human 
element), then the foam variables are hopelessly confounded 
unless such statistics are taken into account in the analysis 
procedure. In the experiments about to be described, the 
fire size was limited to 50 feet x 30 feet with JP5 as fuel. 
The pumping rate was maintained constant and the human element 
was all but eliminated by using the drive-by technique with 
stationary nozzles pointed to impact the fire area so as to 
totally control the rate of suppression in ft2/sec. A 
sketch of the "test" vehicle is in Figure 5.15. Two water 
tanks, a standard Navy 250 hand billy pump, associated valves 
and fittings, and three handline nozzles from the MB-1 crash 
truck converted a dump truck into an aircraft fire suppression 
test vehicle. Its capacity of 400 gallons of premixed agent 
could be discharged at a nominal rate of 90 gpm. 

In Figure 5.16 a plot of thermal flux versus time shows 
the effect of suppressing 1500 ft2 JP5 pool fires with 6% 
AFFF using the drive-by technique. The pertinent foam and sup¬ 
pression parameters are given in Table 5.5. The major variable 
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was the foam quality where the expansion ratio was varied from 
1 to 5 to 10. The effect of quality on suppression is shown by 
the two control times given, i.e. tQ.i when the radiation level 
was below 10% of the average thermal flux before suppression and 
to.25 when it was below 25% of the average flux before suppres¬ 
sion. These experiments showed that in all cases the knock-down 
power of AFFF solutions with regards to reducing thermal 
radiation was exceptionally good. However, low expansion foams 
and liquid drops did not exhibit the burn-back resistance of 
normal expansion foams and consequently the fires attacked with 
less than the best foam tended to recover faster. 

5.4 Effect of Application Characteristics 

The 011-B Fire Truck was used to measure the effects 
of application rate, sweep pattern and speed on the critical 
application density and burn-back resistance for AFFF foam 
on JP5 fires. Several devices were attached to the truck 
as measurement, and control aids. Water consumption was mea¬ 
sured with a manometer clamped to the rear of the truck, 
truck speed was monitored by the voltage produced by a small 
electrical generator attached to a rear wheel, and the turret 
position and motion were guided by a fixture attached to the 
hydraulic controls in the truck cab. 

I 
Table 5.6 lists values of the experimental variables 

for each of the 13 fires and 26 extinguishments. As in the 
tests described above, two extinguishments were obtained for 
each fire by permitting complete burn-back between each pass 
with the truck. The pattern designations are (1) »= fixed noz¬ 
zle, (2) = vertical oscillations and (3) = horizontal oscil¬ 
lations. In all cases the nozzle was aimed about 45° to 
port. Initially the test plan called for a series of extin¬ 
guishments with 6% and 3% AFFF concentrations; however, per¬ 
iodic plugging of the proportioner lead to a random assortment 
of low-quality foams. 

Some observations from the 011-B tests supported also 
by evidence from other field tests and the laboratory experi¬ 
ments of Section 4.2 are as follows: 

1. The critical application density for JP5 burning 
on water or rock substrates is about one gallon per 100 ft^ 
for the uniformity achieved in these experiments with a 30 
second preburn. With a very uniform coating of foam, .5 
gallon per 100 ft^ would probably be sufficient. Low agent 
concentration and low expansion ratio foams gave the poorest 
extinguishment results. 
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2. The burn-back resistance is strongly influenced 
by the expansion ratio and concentration of the foam. As 
would be expected, burn-back occurs most rapidly in areas 
covered by the thinest layer of foam. 

3. With the present trucks, large diffuse patterns 
are more efficient than the dense straight stream patterns 
because the nozzle will not move fast enough to apply a uni¬ 
form critical application density. For example, the maximum 
oscillation frequencies are about 42 CPM vertically and 62 CPM 
horizontally. At 15 mph, the truck speed corresponding to a 
critical application density of about one gallon per 100 ft2, 
the foam left a sinusoidal path on the fuel bed and extinguished 
less than a quarter of the fire. 

4. With the present visibility from inside the cab, 
operators cannot see well enough to direct two nozzles that are 
close together. A master nozzle for a main extinguishment 
accompanied by a small clean-up nozzle should be effective. 

6.0 BURN BACK PROTECTION 

6.1 Effects of Foam Quality and Environmental Factors 

AFFF burn-back resistance was measured as a function 
of the foam quality parameters in a series of 10 foot diameter 
JP5 fires on water and rock substrates. Figure 6.1 illus¬ 
trates the experimental procedure. First, the one-inch thick 
layer of JP5 was heated by burning for 30 seconds at cull 
involvement, then the flames were extinguished by drawing a 
galvanized sheet metal snuffer over the pan as indicated in 
Figure 6.1. Unfortunately, the size and fit of the snuffer 
did not always completely extinguish the fire, particularly 
at the higher wind velocities; consequently, a few flames 
around the edge were suppressed with AFFF. Next the fuel was 
divided in half by lowering the guillotine, foam was sprayed 
or pre-mixed foam was poured over the upwind half of the pan, 
and the unshielded fuel was ignited. After the unprotected 
area was fully involved in flames, the guillotine was lifted 
to expose the foam to the heat from the fire. The time for 
complete foam destruction was measured as a function of agent 
concentration, 2% and 6%; expansion ratios, 3x and lOx; and 
application densities of 1, 2, and 4 gallons per 100 ft2. 
Drainage time could not be controlled and varied from under 
one minute to over four minutes; so the influence of this 
uncontrolled variable is unknown. 

Destruction times in seconds are shown in the 
experimental matrix of Figure 6.2 along with wind directions 
and velocities. These wind variables substantially influence 
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the radiation intensity encountered by the foam, i.e., the 
velocity affected the fire plume angle and the direction deter¬ 
mined whether the plume leaned over the foam or not. It appears 
from the burn-back times that there is little difference between 
2% and 6% FC-200 foams. Probably the wind direction influenced 
these results signficantly, so that under actual adverse fire 
fighting conditions the concentration probably would not 
effect the survival of the foam to a significant degree. 

With the techniques of Figure 6.1, the volume of foam 
produced for an application density of one gallon per 100 ft2 
and an expansion ratio of 3x did not completely cover the are-u 
to be protected; consequently, the fire spread through the 
unprotected areas and destroyed the foam in short order. 
Fairly uniform coatings of foam were achieved and burn-back 
resistance was much improved at densities of 2 and 4 gallons 
per 100 ft2 especially if an adverse wind blows the fire 
plume over the foamed area. 

The effect of expansion ratio on burn-back resistance 
was probably the most pronounced of all the control variables 
in the experiment. All destruction times for the lOx foams 
exceeded those for 3x foams. Wind direction does not appear 
to bias this conclusion although destruction times were shorter 
when the wind blew the flame plume over the foam. It will 
be recalled that in the laboratory experiments on the effects 
of foam quality i.e. Section 4.2.1, the expansion ratio had 
little effect on the survivability of the foam. However, those 
tests involved surfaces whose temperatures exceeded the boiling 
point of water and the steam inflated the foam to several times 
the original value. With the heating ritual illustrated in 
Figure 6.1 it was impossible to go through the evolution and 
apply the foam before the JP5 temperature dropped below 212°F. 
Typical fuel temperatures ranged from 122 to 176°F, consequently 
no steam was generated to expand the foam. Some expansion due 
to steam generated by radiation from the flames was observed 
at the flame-foam boundary as the flame front moved across the 
test area after the guillotine had been lifted. This expanded 
region ranged from several inches to a foot wide depending on 
the flame orientation. 

6.2 Effects of Fuel Temperature and Substrate 

The burn-back tests described in Section 6.1 permitted 
the fuel to cool appreciably between the snuffing operation and 
the application of the protective foam layer; consequently, the 
foam did not experience the same thermal insult encountered in 
a conventional extinguishment. This limitation was eliminated 
by combining the spray rig described in Section 4.4 with the 
guillotine. In the tests reported here, the fire was allowed 



to reach its equilibrium burning rate with the guillotine posi¬ 
tioned in the fuel pan, then a spray rig moved forward to extin¬ 
guish half the fire, and the guillotine was raised to expose 
the foam to the flames. Burn-back rates were observed as a 
function of foam application density, substrate material, and 
wind conditions. A 6% concentration of FC200 with an expansion 
ratio of 5 and a 25% drainage time of 2-1/2 minutes was used 
throughout the test. The steel pan contained about two inches 
of gravel and about one inch of water. For pool fire tests, 
the fuel level covered the rocks sufficiently to permit 
extinguishment and burn-back before the fuel dropped below the 
surface of the rocks. In the rock substrate fire test, the 
fuel was allowed to burn down until rocks occupied about 50% 
of the surface area, then extinguishment and burn-back was 
commenced. 

Table 6.1 is a brief summary of the results obtained 
by visual observation. The results show that the wind and sub¬ 
strate material are more important than the application density 
in controlling the burn-back rate. Three general wind condi¬ 
tions are of interest (1) steady winds that tilt the flames 
away from the foam, (2) calm conditions so that the flames go 
straight up in a symmetrical plume, and (3) winds that tilt 
the flames over the foam surface. Since heat transfer from 
the fire to the foam is principally responsible for the des¬ 
truction of the foam, the fire plume with the best view factor 
will be the most damaging, i.e., 1, 2, 3, in order of increasing 
view factor. 

Both JP4 and JP5 (runs 171 and 172) exhibited longer 
burn-back periods than recorded for similar application densities 
in the previous guillotine tests because of the strong breeze. 
When the guillotine was raised in run 171. the wind blew foam 
into the flame area and extinguished most of the fire as indi¬ 
cated by the flame front positions at various times shown in 
Figure 6.3. Runs 173, 174 and 176 in calm air, exhibited short 
burn-back times of less than one minute. In all cases, the 
radiation levels experienced by the observers and the radio¬ 
meters on the foam side of the pan were substantially higher 
in tests 172 and 171. Under wind conditions 1 and 2, energy 
is transported back to the foam principally by radiation. 
When the wind tilts the flames over the foam, i.e., 
condition 3, the radiated heat transfer increases because of 
*-he increased view factor and some convective heating becomes 
possible. The only illustrations of the convective effect 
observed in these tests occurred when the flame fronts in 
tests 171 and 172 developed pincers that surrounded an island 
of foam. Under these conditions the turbulent air motion 

116 



■ 
- 

J
)*

-'
u

.
i

 

176 

177 

178 

179 

JP 5 

JP 5 

JP5 

JP5 

Pool 

Rock 

Pool and 
Rock 

Pool and 
Rock 

2 

1.2 

1.2 

2.2 

mostly 2 

2 

0.5 

11.5 

0.3 

>8 

*Agent = FC 200, 6 percent solution, pumping rate 19 gpm. 



FIG 6.3 FLAME FRONTS VS TIME IN MIN. DURING BURNBACK 



I'IlIf.lllllIIllflPIJijpiHlPBIIIILIIIIlipilPIpitfll iPWiPfflPP ..«. 

brought hot air and combustion products in contact with the 
surface of the foam; consequentlyr the foam was very short 
lived. 

The rock substrate burn number 177 and the combination 
exposed rock and pool tests numbers 178 and 179 illustrate 
the advantage of fighting fires on a rock base. A very thin 
layer of agent provides substantial protection. At least part, 
if not most of this effect stems from the reduced radiation 
level encountered in the rock-base fires. When the fuel burns 
down below the surface of the rock, e.g., rocks exposed over 
50% of the surface, the burning rate decreases, flame heights 
are reduced, and the flames are no longer opaque. Consequently, 
both the view factor and the radiation intensity decreases. 
Such fires are easy to extinguish and the burn-back rate is 
modest even in the absence of a visible foam layer. 

Tests 178 and 179 represent attempts to create a 
difficult yet realistic substrate for a foam to protect, i.e., 
pool fire with a rock path bridging the foam. A two-inch high 
path, 16 inches wide was laid from the guillotine to the pan 
rim along the direction of the burn-back. Presumably the 
large pool area would provide a high radiation field and the 
rocks would leave a thin path in the foam due to the greater 
evaporation required to cool hot rocks. With the thin foam 
layer (test 178) burn-back was so rapid the rock path was incon¬ 
sequential. With the heavier layer in test 179, burn-back in 
the rocks did exceed the main pool area rate for a while but 
eventually the fuel bed dropped into the rocks and the influence 
of the bridge disappeared. The breeze that developed during 
Test 179 probably had more influence on the burn-back rate 
than the rock bridge. 

6.3 Effects of Fuel Type and Amount 

The primary concerns út Site 300 were the critical 
application density for AFFF on JP4 fires, burn-back resistance 
of the foam, and the influence of the substrate on these para¬ 
meters. In eight of the burns, the Dromedary unit was equipped 
with the Batel nozzle. The remaining extinguishments were made 
with three Cardox 30 gpm nozzles mounted as in previous tests. 
Figure 6.4 illustrates the drive-by test procedure employed in 
all of the Site 300 tests. Results for the critical application 
density and burn-back tests are summarized in Figure 6.5 and 
Table 6.2. Figures 6.5 am 6.6 show the uniformity of appli¬ 
cation densities at various positions sampled by the pans on 
either side of the fire. A comparison of Table 6.3 with these 
figures shows that when the application density falls below 
one gal/100 ft2 in parts of the fire, not all of the flames 
are extinguished and burn-back can be quite rapid. For example, 



120 



A
P

P
L

IC
A

T
IO

N
 D

E
N

S
IT

Y
 (

g
al

/1
0

0
 f

t2
) 

..... ' ■ mpiRpipiuii'iimv ■ 11 ’ipipiiinaiippipiq 

S 

# 181 

® /2\ 

i-y- 7 : 

-I-L 

O**oo° \ 
3 4 

_L_ 

v .c 
• ** 5 

V 10 

# 182 

P- 
* 2 ' 
' 7 . 

r 
8 

' 3v 

\ 9 io 

# 183 

2/ 
.o 

3 4 
(o«» »»o. 

\5 
o 

- , 9 10 

1*6 *-''+-f 
-ll-1_L_ 

5 10 15 20 

PAN LOCATION (ft) 

7 #1®7 

\ 
-1 ^ 8 0_ V® 

%%% 2 V 
*- X v S 9 

• i* 
%.3 vv10 

X« * 

J-1_I_l!ü*a» 
6 10 15 20 

PAN LOCATION (ft) 

FIG 6.5 UNIFORMITY OF APPLICATION DENSITIES AT VARIOUS SAMPLING 
POSITIONS IN THE "DRIVE BY" EXTINGUISHMENTS 

121 

! 

mutam MÜMiai .'.. 



irwiHW ¿pill ■WPIII. 

3r ^ «IN 

2f- 7 '' * « 
6 ^ 

rr—' 3 > 

1 3 
8 

I2 

S’ 
z 
ut 
O 0 

» #190 

.. - 10 

Vxi 
4 

-L X 

3r 

t 2 
< 

1 

0 

3 
«o. 

#191 

%%4 

i/’ 

10 

FIG. 8.8 UNIFORMITY OF APPLICATION DENSITIES AT VARIOUS SAMPLING POSITIONS IN THE 
"DRIVE BY" EXTINGUISHMENTS 

122 



A
P

P
L

IC
A

T
IO

N
 

D
E

N
S

IT
IE

S
 

A
N

D
 

P
Ü

R
N

B
A

C
K
 

T
IM

E
S
 

F
O

R
 

J
P

4
 

F
IR

E
S

 

wm ... '«lin»... 

(0 
V 6 
g <0 -P 
«oc 

rH Hl -H 
h O 

to a 
M (0 
O O 

4-1 C 
U 

(U 
E O ■H +J 
E-* 

U 
4-4 (0 
O 0) 

h 
c < 
O 

01 O 
C b 

•H 

3 

<*> 

•O 
« 
x: 

-P ai 
OH 
z a 

Ox*» 
« C 
a»-h 
p p 
< x 
U 

c 
O 

P 
C «CM 
ai ai P 

>. en c 4-4 
P < «< 
•H O 
0) ■O >0 O 
C <U $ rH 
ai o. g \ 

QiQ g « rH 
Or 3 O « 
< C4 b CT 

P 
« • 
O 

•H 

C 
O 

•H 

CM 

>. P 
P ~ 

0) O 
01 C O 
C « rH 
0) Or \ 

aO^-rH 
o, ia 
< cri 

« 
u 

•H 

muai 

c 
-h 
Ë "H TJ 

X 01 0) 
U Oi 3 P 
« P 01 

■Q C 3 
C-H G « 
P <0 JC 
3 P JS X 
CQ 44 P (1) 

I TJ 
01 
P 
01 
3 

rH « 
CO 01 JS 

• 3 X 
rH P 0) 

C 
•H 
e 

vo 

O 
00 

U 
0) 
U) 

O 
<N 

0) 
O' 

3 

TJ 
C 

•H 
» 
a 
s 

(N 00 

8 8 
Or Or 

TJ 
4- 01 C 01 
01 01 O 01 

•H P « O « 
00 -H Or 01 Or 
•Ht, C/l 

I TJ 
ai 
p 
01 
3 
« 

m ai JS 
• 3 X 

rH P ai 

c 
•H 
E 

C 
TT -ri • 

Ë rH TJ 
x ai ai 
o <N 3 P 
« P 01 
4 c 3 
C -H G « 
p ai js 
3 P JS X 
es p p ai 

o 
ai 
01 I 

i 
o 
CN 

O 
ai 
01 

ai 
cr 

TJ 
0' 

T) 
c 
« 

TJ 
C 

•H 
S 
a 
D 

o 
m 

8 8 
Or 

O 
0 
Or 

TJ 
P 01 C 01 
01 01 O 01 

fN P ro O « 
CO -H Or 0) Or 
rH br CO 

ro 
00 

123 

o 
ai 
01 

TJ 
G 
« 

TJ 
g ai 

•H rH 
» TJ 

TJ 
ûr'rî 
TJ E 

TJ 
c ai 

•H rH 

TJ 
Qr-H 
S Ë 

8 
Or 

O 
O 
Or 

TT 
00 

un 
oo 

.. UtÉlklT .Jfci ' 'liiliPlikili.rJirLiA 



T
a
b

le
 

6
.2
 

(C
o
n
ti

n
u
e
d
) 

mmmm ... 

c 
00 -H • 

B^V 
X W « 
O «N 3 +• 
« IM ■ 
ne 3 
d-H c e 
kl 0) £ 
3 -P fi X 

CQ <M -P « 

•O 
V 

■P 
« 

fi C P 3 
C -ri ri 10 
U C « fi 
3 P -H 3 X 
(Q<M E <U 0) 

fi • c 
O rn 4) 
« fi 
* C P 

8 U 
e 
(0 

8 
« 
O 
«N I r-> 

C 
•H 
a 
in 

e 
O' 

T3 
e 
•o 
c 

a 
D 

« 
O' 

•O 
« 
"0 
c 

■O 
c 
« 
■O 
c 

g* g* 

V 
G 
« 
•a 
G « 

•H 
»•O 
_ TJ 
Ok-H 
s e 

m 
CM 

o 
O' 

in 

C 
o 

P 
C «ni 
« « P 

>i O' P «H 
P P «Í < 
« -H O 
O « <0 T) o 

•H C î 4) <-• 
rH tt) a E \ 
OtQ E « rH1 
a ao« 

<4! a b O' 

en en O' cm m 
• • 

cm en 

CM 
P 

C 
O 

■H >, IM 
P P -» 
10 -H 10 O 
orneo 

•H C 10 -H 
rH <U b \ 
ao — -h 
a « 
< ai 

O' 

en 

w 

fi 
O 
0 
« 

fi 
o 
g a, 

o 
0 
b 

.-c fi fi 

2 Ö S Ä Ä 

vo 
00 

r* 
00 

00 
00 

o> 
00 

o 
ON 

rH (N 
ON ON 

124 



in test 180, 185, and 187 no flame areas were left inside the 
foam and burn-back did not destroy the foam before the fuel was 
consumed. By contrast, runs 181 to 184, 188, and 189 had 
residual fires along the upwind edge where the density dropped 
below the one yal/100 ft2 line, and in these cases rapid burn- 
back developed. Tests 91 and 92 illustrate the observation 
that burn-back is slower in rock substrates than for pools. 
Very small pockets of flames were left in the foam blanket in 
tests 91 and 92, but the fires did not progress through the 
foam before the fuel was exhausted. The lack of uniformity in 
the foam layer complicates the measurement of the critical appli¬ 
cation density. However, for JP4, it appears to be between 
1 and 2 gal/100 ft2 and is slightly less for rock substrates 
than for pool fires. 

6.4 Effect of Application Density 

Drive-by tests with the MB-1 vehicle were used to 
determine burn-back resistance and the critical AFFF application 
density required to extinguish JP5 pool fires with dimensions 
of 50 feet x 30 feet. Figure 6.7 shows the test arrangement 
and illustrates the procedure. A fairly uniform layer of 
AFFF is applied to the shaded area by driving the MB-1 
past the fire at a constant velocity while the locked turret 
sprays foam on part of the fire. The destruction of the foam 
is monitored photographically. From this data it is possible 
to develop curves such as in Figures 6.8, 6.9, and 6.10 of 
the foamed area remaining as time and the fire front progresses. 
The progress of the average fire front can then be matched 
to the application densities measured by the sampling 
pans. Such plots are shown in Figures 6.11 through 6.14. 
Finally the average application density (from the leading and 
trailing pans) can be related to the foam protection time as 
shown in Figure 6.15. Right away it is obvious that applica¬ 
tion density is not the only variable affecting the protection 
time. In this case, the missing variable is the thermal flux 
acting to destroy the foam. All of the fires which remained 
after the drive-by pass of the MB-1 were of different sizes 
and therefore radiated different thermal fluxes to the foam 
blanket. This flux also increased differently with time as 
each fire recovered to the full 50 foot x 30 foot size; con¬ 
sequently, if a measure of this heat flux were available it 
is likely that the protection time could be better correlated 
by an equation such as 

t = AQnDm 
P 

where Q = thermal flux received by the foam 

D = application density 
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FIG 6.14 APPLICATION DENSITY DISTRIBUTION FOR TEST 112-2 BY DRIVE-BY TECHNIQUE 
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To establish a critical application density by the 
drxve-by technique a series of tests were made both with the 
MB-1 and "Dromedary" vehicles. When the deposition pattern 
was fairly uniform and covered the complete fire area, 
application densities of AFFF as low as 0.62 gal/100 ft2 
successfully extinguished JP5 fires completely. Foam appli¬ 
cations in the range of 0.50 gal/100 ft^ were ineffective 
because the fire recovered quickly. 

£-few ad<?itional burn-back measurements were made on 
10 foot fires using application densities approximately an 
order of magnitude greater than the critical value. Figure 6.16 
shows the swinging gate and dike arrangement that replaced 
the Guillotine of Figure 6.1 and Table 6.3 tabulates the 
results. Again the wind direction was the dominant factor con- 
•°j rate burn-back. Without assistance from the 

wind burn-back was slowed to the point where the fuel was 
exhausted before the foam disappeared. 

7.0 MODELING, SCALING AND PREDICTIONS 

7*1 Fire Characteristics and How They Scale 

7.1.1 Burning Rate 

Once the radiation thickness for absorption of 
thermal flux feeding back to the fuel surface is exceeded, the 
burning rates of hydrocarbon fuels become constant. This 
occurs when the fire diameter is roughly three feet. Thus, 

burnin9 rate of large fires is adequately predicted by 
the Blinov and Khudiakov relationship shown in Figure 3.1. it 
has also been confirmed in this program that the flame 

re diameter ratio is relatively constant for fires 
with dimensions larger than 3 feet diameter. 

7.1.2 Radiation 

Thermal flux at distances from D/2 to 2D for JP4 pool 
fires varying from 40 feet x 100 feet to 200 feet x 240 feet 
may be predicted within a value of 47% by the regression 
Equation (3.4) in Section 3 of this report. For JP5 pool 
fires with dimensions from 3 feet in diameter to 83 feet 
x 90 feet, the regression Equation (3.5) should be used, 
esides the variation of radiation with the dimensionless dis- 

ian?e/iX\D lt also dePends upon the mass burning rate of the 
fuel (Fm) expressed in Ibs/sec. Generally, these equations 
account for a variable wind velocity and direction within the 

this rePort* experimental 
programs may well develop different predictions for different 

135 



m
m
.

. 
m

m
rn

m
m

m
m

m
m

m
m

m
m

m
i 

i 
\ 

.»
ji
w

-
u

 



|P||pf|MpRpiPiR|p^iUp.|p|p|iillun>w. ,1- ... 

■O 
« 
£ 
w 

•H 
js a 
o* ty> n c 
0 H • 
M -U <D 

JC X M 
•P (Ü -H 

M-l 
V V 
<U C 0) 

■X <0 M 
(0 H 
<U M -P 

•H 0) C 
•H 0) 

e u 
fQ P 01 
0 (8 £ 

Cu J P 

'S 
J3 
10 

■H 
js a 
O' O' 
P c 
O-P • 
p p a> 

X3 X P 
P 0) -H 

P 
V V 
01 C 0) 
p: « p 
« -H 
0) P P 
P 0) C 

H 0» 
P 
P 0) 

0 <0 £ 
bJ3 ' 

6 
<8 

U 
0) 
to 

in 
oo 

U 
0) 

ÍM 
r~ 

VO 

X) 
1 
H 

m CM 

ON 

m 

oo 
» 

CO 

00 

CO 

O' 

VO 

•H -o J< 
e aio 

» P « 
'i' 0) PrH 
r-t > 18 

•P P O 
P P <n p 
18 O 

0) 0] 0) 
T) P 0) D 
0) > I g X) 
P 0) <8 
m pc 
3 p p » 
<8 p 6 
X5P CO • 
X P p p 
0) (0 g 0) 0) 

- •* 3 
P g CO T3 P 
0) <8 
3 O P O P 

CP CP <8 P O 

C 
•H 
E 

0! 
P 

*H 
P 

0) 
P 

•H 
P 
C 
0) 

•o 
0) 

JS 
10 

•H 
3 
O' 
c 

X 
w 

p 
A 

CN 

(N 

X) 
c 
18 

fN 

V 
c 
<8 

O' 

O' 

in 

o> 

in 

r- 

in 
m 

0) 
i 
•H 
H 

r. o 
O 0) 

0) 
a 

(0 
m 
o> 
r-i 
« 
* 

cQ 
m 
o> 
rH 
« 
« 

Ov 
in 
ov 

vo 
av O) 

oo 
o> 

PÜPPil.."" N!J Ul I 

11 Vf« 

O 
<P 

0) 0) 
•H 3 

*0 

O ß 
4J -H 

0) CM • 
P\P 
P P 0) 
18 I 3 
P P 
10 

P p 
(0 <8 0 
0) 
I C>! 
3 S O 
P 0 18 
IP *0 P 

C 
•H 
E 

o 

P 
0) 

•H 
P 
P 
18 
J3 

P 
O 

at 
•o 
•H 
CO 

0) 
P 

•H 
P 

0) 
X! 

c 
0 

0) 
*0 

0) 
p 
0) 
» 

p 
<0 
0) 
p 

p 
0) 

JS 

0) 
p 
•p 
p 

0) 

a 
3 

EPS 
<8 £ <8 
O O' O 
P -H P 

18 
S P P 
0 P 0) 

• p n > 
0) P o 
C CO 

•H >, 0) CO 

p 
% 
• w 

0) 4J 
• rH 

•H •H 

8 
. p 

<8 • P r-t 
P *8 _ 
P 0) P 0) 18 P 

P P CO P 
P <8 O C 
O O J3 > « 

T3 m 5 • 
>i 0) J X! H 
PC Up 
(U-h c 
> P P P CO 
O 0) P 0) - 

CCN g g-a 
0) p 3 \ «J p C 
P P P P <8 P 
^ P >i I lu U S 
P p P 
P 0) 18 II II II 
3 xj >o e 
p P 0) O p CM p 

» E 
O XJ 

p p p •• 
<U X3 0) C 
> JS 0 
0 C p 

o xj p 
p CP 
C XJ 18 XJ 
a) a) x: c 
O' P o 
<8 C G) U 

3 P 
O N p 

N P 
- OP 
p J3 0) C P 

p 
0 

0) 
E 

g 

3 
(o xj n x: xj 
<8 C N P C 
0) P Op p 
s: s z s s 

« 
HP* 

137 



mPI'IIIIJUill • .... 

environmental test site conditions. It is our intention to 
point out that wind variables are of major importance when 
measuring radiation at given distances from fires. 

A major finding of this program is that radiation from 
larger fires per unit emitting area (as evidenced by flux 
measurements as a function of X/D) decreases as the mass burn¬ 
ing rate increases. This is believed to be caused by a lower 
combustion efficiency in larger fires causing a higher number 
of carbon particles per unit volume of fire plume and lower 
temperatures. 

7.2 Prediction of Suppression Requirements 

The drive-by technique has been established as a 
fairly operator independent technique for evaluating the sup¬ 
pression capabilities of various agents in terms of the criti¬ 
cal application density. These densitiesr when measured for 
particular combinations of fuel and environment, provide a 
basis for estimating the minimum agent requirements to extin¬ 
guish similar fires of other sizes. Two factors determine how 
close this prediction will approach the actual requirements; 
(1) the losses, i.e., (La) overkill, (Lm) misdirected, (Le) 
evaporation, and (Lu) updraft defined in Table 2.1 and (2) 
the difference in fire characteristics between the model or 
test fire and the actual emergency. Since the losses are 
primarily a function of application factors, the magnitude 
and reproducibility will depend on the method of extinguish¬ 
ment. For example with total area application as with the 
flight deck sprinklers in the CASS tests, the losses should 
be modest, reproducible, and relatively independent of the 
fire size. Similarly, overhead sprinklers should exhibit 
good reproducibility for a specific sized- fire but the 
updraft losses are large and could introduce considerable vari 
ation from one fire size to another; e.g., in a series of 
hangar deck fire simulations with foam sprinklers over a 
10 foot firtí, aboi^t 50¾ of the agent was lost in the fire 
plume. This large fraction is expected to increase somewhat 
in the stronger updrafts from larger fires; therefore a 
linear extrapolation of agent requirements with fire size 
appears more reliable for sprinklers in the deck than 
overhead. 

In contrast, the incremental extinguishment technique 
can achieve minimal updraft and evaporation losses; however 
all of the losses depend strongly on the operators skill, i.e. 
a very individual factor. When the capabilities of a given 
crew have been established, a linear extrapolation to other 
fire areas should be adequate. 
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The second factor, i.e., departure of the real fire 
from the model, particularly when aircraft wreckage introduces 
flowing or spilling fuels or class A fires in the fuselage, 
requires information beyond the scope of this study. Existing 
philosophy in NFPA, FAA, and ICAO introduces auxiliary agents 
to cope with some of the special situations once the pool fire 
has been controlled with foam. 

8.0 RECOMMENDATIONS FOR IMPROVING EQUIPMENT AND TECHNIQUES 

8.1 Goals in Agent Development 

In Section 4.2.4 the ideal suppressant was discussed in 
terms of three factors; (1) efficiency as measured by the criti¬ 
cal application density, (2) operational latitude and conven¬ 
ience and (3) cost. The FC-196 and 200 agents used throughout 
this study deserve a high rating in both categories 1 and 2 for 
flat horizontal fuel base fires. Agents with comparable effi¬ 
ciency for flowing, spraying, moving, etc., fuel fires in the 
open are sorely needed. Cost is still a deterrent in the use 
of AFFF agents for extensive training programs, particularly 
on large test fires; therefore, research should continue for 
less expensive molecules with suitable surfactant and high 
temperature stability characteristics. If necessary a slight 
sacrifice in performance could be tolerated for training pur¬ 
poses, but the behavior of the agents should be sufficiently 
similar so that inefficient application techniques will not 
be encouraged; e.g., the relatively slow turret motion appro¬ 
priate for pushing a thick layer of protein foam over the 
fire area is very inefficient when applying AFFF. 

Additional stability is always a desirable goal 
particularly just below the boiling point of water where such 
stability would enhance burn-back protection. Here the goal 
is to generate a thicker more impervious vapor barrier when 
the water evaporates or drains out of the foam, i.e., the 
concept behind using bubbles like the micro-spheres or 
cènospheres. 

Since an agent that is ideal for all fires does not exist 
it would be desirable to have an agent whose characteristics 
both physical and chemical could be modified during the course 
of the fire fighting operation to meet the ever changing 
requirements. Present capabilities permit change in concen¬ 
tration and expansion ratio, although net too conveniently 
and controllably, and the twin agent nozzle for PKP powder and 
foam is a first step toward controlling the chemical properties. 
Other tempting possibilities for future work include control 
of foam stability, adhesion, and expansion time; e.g., foam with 
a modest expansion ratio is desired at the impact point to 
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prevent penetration of the fuel, but a low expansion is required 
for lorn trajectories. Either timed or triggered expansion 
agents might be incorporated to supply this control. 

8.2 Criteria for Application Equipment 

The main criteria for application equipment are (1) 
adequate application rate and capacity to cope with antici¬ 
pated fires, (2) safety for the operators, and (3) efficiency. 
As the aircraft have increased in size and fuel capacity, the 
fire protection industry has generated larger nozzles, pumps, 
and trucks to meet the threat of big fires. Our experience 
with the CAT/Klein, 01IB, and other vehicles indicates that 
the size and capacity of existing turrets already exceed human 
capabilities for efficient control; i.e., it is impossible to 
avoid substantial losses of the LaLm variety. Typically, 
application densities required to extinguish test fires are 
an order of magnitude larger than the critical application 
density. Obviously, doubling the efficiency should be as effec¬ 
tive as doubling the capacity and hopefully the efficiency 
approach would be more economical. Therefore, the emphatic 
plea is for more emphasis on efficiency. If better effi¬ 
ciency is to be achieved, we must have nozzles and nozzle con¬ 
trols capable of applying a very uniform layer of foam over 
the fire bed. 

Two general design approaches are available. One 
involves an appreciable stand-off distance which minimizes 
the hazard to men and equipment but requires long trajectories 
with the foam and the attendant control difficulties. The 
other minimizes the stand-off distance, i.e., the device follows 
or if necessary, can enter the flames to minimize the foam 
placement problem at the expense of risk to men and equipment. 
Existing crash trucks were designed according to the first 
approach and as nozzle ranges are extended to deal with larger 
fires, it becomes more difficult to achieve uniform coatings. 
Several remotely controlled mobile monitors fall in the second 
category; however, they are still in the developmental stage 
and their extinguishirg efficiencies are not known. Most of 
these experimental units start out with a single monitor which 
may well be the hard way to approach uniform coatings. It may 
be time to turn to the farmers who have had many years experience 
in applying uniform coatings of various agents to large areas, 
i.e., multiple nozzles and wind blown sprays look promising for 
uniformity, particularly if short trajectories are acceptable. 
In either approach the operator should be able to select the 
desired application density and have the articulated motion of 
the nozzle or nozzles be controlled automatically to match the 
setting. Finally, the well known problem of visibility still 
remains. The remotely controlled nozzles need not cover the 
operators' windows with foam. 
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8« 3 Applications Techniques 

chrMii^ While waiting for the ideal equipment to evolve, efforts 
should be made to improve the operating efficiency with exist¬ 
ing trucks. Efficiency requires careful attention to the four 

listed in Table 2.1, i.e., over-kill where agent lands 
ln4.a^5eafu e^ln9uished areas (La) , misdirected foam that lands 

firÜ bed (Lm)' evaP°ration losses in transit through 
flames (Le), and updraft losses where foam is carried away by 
the fire plume (!,„). Two problems are encountered in minimiz- 
¿ôatinoao? f™- Fl5st' * is difficult to produce a uniform 
Sîfoiî9 ?f/.f ..und¿ sacond' the application density is seldom 
preselected on the basis of the characteristics of the fire and 
tîIiniîüTwhh Solving both of these problems requires extensive 
training with the agents and vehicles. As indicated in 

• • questi°ns of economics and pollution generally limit 
such training so that optimum skills are not developed. A tech¬ 
nique nicknamed the "Cold Bed Tests" employed in setting up 
experimenta! procedures for Section 5.0 enhanced our ability 

La and LlP ^ a n,odest c°st. Foam application was 
precticecJ over a simulated fire bed covered with black sheet 
oí ?ÍÍC'ieqUlppeÍ Wí:th samPlin9 pans to measure the uniformity 

layer and the density of the coating. After each test, 
the foam was swept into a sump where the liquid settled out 
and was pumped back into the fire truck for reuse. After suf- 

exuanSodTtr0i„h?dHb^n deVel°Ped' the i°»"> «as ¿Itimstely“ expended in a hot bed* test, i.e., a regular fire. At a fire 
fighters training school, a permanent "cold bed" could provide 

t?íinee^eC1S%ln ^ ^ °f equiPment and a measure of the 
eo j performance. Practice should continue until various 
dnoeHfled patterj}s and application densities could be repro- 
teïtd trainedmîefi ühe^the Jfainee engages in a "hot bed" 

reflexes should enable him to lay dewn a reason¬ 
ably uniform coating of the prescribed density. 

The driYe"by technique illustrated in Figure 6.4 is 
another approach to minimizing L_ and Lm. Present oractir*. 

the3fiy i:VOlVeS aPproachinq the tire head on and dispensing 
the foam from a parked truck. As the flame front recedes, the 

uspd\may TW !2eW position^ but the truck motion is not 
avfnÎKiC0nÎÏ0Vbe uam pattern- Wh®« adequate room is 

drive“hy technique greatly simplifies the appli¬ 
cation of uniform coatings; therefore, operators should be 

operation0 ^ thlS technique as wel1 as in the conventional 

Lu and Le can he minimized by keeping the foam 
trajectory through the fire plume as short as possible, i.e., 
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the foam should always be applied at the edge o**he fire. 
This procedure is automatic in the drive-by approach, but 
often violated in the manual turret operation. 

9.0 SUMMARY AND CONCLUSIONS 

9^1 Fire Characteristics and Evaluation Parameters 

For extinguishment purposes, a two dimensional class B 
fire is best characterized by the fire size and specific burn 
inc rate. The specific burning rate has a strong impact on 
the suppression efforts required and the total burning rate 
derived^from1the specific value and the fire area establishes 
the radiation field around the fire as shown in 
Extrapolations from one fire size to pother are simplified by 
the constant specific burning rate exhibited by fire larger 
than about three feet in diameter as demonstrated in Figure 3.1 

The 
Sections 4. 
stick for 
technique, 
be compared 
tures up to 
tant factor 

critical application density discussed in 
1.4 and 4.4 is a very useful parameter or yard- 
raluating extinguishing agents, equipment, and 
When various types of fire fighting foams are to 
the physical and chemical stability at tempera- 

the boiling point of water becomes a very impor¬ 
as described in Section 4.1. 

9.2 Impact of Experimental Variables 

As indicated in Table 2.2, the fuel type and area are 
tne principal factors governing the fire characteristics. 
Environmental variables such as wind velocity and substrate 
characteristics can exert moderate to strong effects on 
fire characteristics and suppression requirements. For example, 
it is difficult to generate two identical outdoor fires because 
of minor fluctuations in these variables. With the exception 
of the rarely observed gigantic fire whirls, the most severe 
two-dimensional fires occur with a pool configuration bur ang 
under no wind conditions. In the context employed here, 
severe means largest specific burning rate, flame area, and 
radiation field. Winds and porous substrates such as rock 
or sand reduce burning rates and generally simplify suppres¬ 
sion when the fire can be approached from the upwind direction, 
e.g.. Section 5.1.2. 

9.3 Suppression Principles 

AFFF exercises three important mechanisms in 
extinguishing a class B pool fire; (1) it co°ls the fue 
quickly down to the boiling point of water, (2) it provides 
a barrier to heat coming from the combustion zone, and (3) 
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it forms a barrier to evaporating fuel. Cooling is essential 
if barriers are to remain on the fuel surface. In this respect, 
the principal advantage of AFFF over protein foams stems from 
superior high temperature stability. 

The critical application density originally employed 
as a yardstick to compare the performance of agents, equip¬ 
ment, and techniques was found to be comparable to the agent 
required for cooling the fuel. 

The two extinguishment models "total area" and 
"incremental" developed in Section 4.3 provide useful bases 
for planning suppression tests and presenting test results. 
The simplified models indicate how the experimental variables 
are related and how they should be varied for the two modes 
of extinguishment. 

9•4 Suppression Equipment and Techniques 

Comparisons of the application densities required by 
various firemen employing conventional equipment and techniques 
while extinguishing a "standard" test fire reveal a substan¬ 
tial range of efficiencies. Furthermore, all of the values for 
application density from a stationary truck were substantially 
higher than the critical application density indicating that 
there is considerable room for improving the efficiency of 
application. The principal problem is to apply a uniform coat¬ 
ing of foam over the fire bed. Improvements in nozzles and 
actuating mechanisms are needed to overcome this difficulty. 
Ultimately, it would be desirable to lay down a foam layer 
with the desired density and uniformity on the first pass. 

In this report, considerable emphasis has been placed 
on values of critical application density as yardsticks for 
evaluating the performance of men and equipment. It is 
realized that in real emergencies a safety factor will normally 
be added to provide burn-back protection and to allow for 
departures from a simple two dimensional fuel bed. We may 
train firemen to attack a test fire in a certain manner and 
measure their efficiency; however, their performance under actual 
crash situations is very dependent upon the crash site, transit 
time, type of aircraft, weather, and how as individuals they 
react to personal danger. These factors may increase sup¬ 
pression requirements by orders of magnitude, e.g., our 
research results show suppression times in the range of 15 to 
30 seconds while actual crash fires often take from 15 to 
30 mirutes. 

... , In the evaluation of human performance, we have shown 
that the firemen cannot fully utilize the present crash truck 
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fire equipment because of his limitations in response time. 
With existing high capacity turrets, the reliance on visual 
feedback as the only basis for controlling the application pat 
tern and density leads to an inefficient use of foam. Two 
techniques are suggested to enhance efficiency (1) the drive- 
by technique described in Section 5.0 and the "cold bed" tech¬ 
nique for training firemen to apply pre-specified application 
densities as considered in Section 8.3. 
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