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SUMMARY

This report describes the results of an investigation whose purpose was
to establish the relationships between the rheclogical properties of a liquid
fire retardant and the aerial drop behavior, dispersion characteristics, and
wetting-out properties of the retardant. Previous studies by the Forest Service
and others have demonstrated that retardant rheology can have a significant
effect on the behavior of the retardant in use.

The results of a literature survey on the current understanding of the
aerodynamic breakup of liguids are summarized. It is shown that present
understanding is largely limited to small drops and jets of Newtonlan liquids,
and has only limited applicability to the aerial breakup of large quantities of
real retardants. The breakup of aerial delivered fire retardants is then discussed.
The breakup occurs both by Taylor instability growth (following deformation) and
surface erosion {peripheral stripping), and the retardants may be non-Newtonian
and/or elastic in their flow behavior. Analytical models are developed that
describe the aerodynamic deformation and breakup of the liquid in terms of the
important system parameters and fluid properties-including aircraft velocity,
tank and gating system and retardant rheology. The effects of non-Newtonian
viscosity and fluld elasticity are contained in these models, It is shown that
the combined effects of viscosity and fluid elasticity can be expressed in terms
of an effective viscosity that controls the flow behavior of the liquid.

Experimental studles were conducted to measure the physical and rhe~
ological properties of the liquid retardants Phos-Chek X4, Fire-~Trol 100 and
Fire-Trol 931. Viscosity was measured as a function of shear rate using both
a rotational viscometer, and a high pressure capillary tube viscometer, Fluid
elasticity was measured using the capillary tube technique. It was found that
the retardants all undergo shear thinning, i.e., their viscosity decreases with
increase in shear rate up to some limiting value. Thus the normal {Brookfield)
viscosity is not a reliable basis for judging the potential relative breakup
characteristics (rate and particle size} of various retardants since aerodynamic
breakup occurs at higher shear rates. However Phos-Chek~-which is a gum
thickened retardant - exhibits considerable elasticity while undergoing shear,
and this causes its effective viscosity to remain high during breakup (the elastic
stress increases with increasing shear rate)., Gum thickened retardants thus
differ significantly from clay thickened retardants - such as Fire-Trol 100-which
are essentially non-elastic and shear thin to a relatively small viscosity while
undergoing aerodynamic breakup. The effects of temperature, retardant mix
concentration, and sample preparation on measured viscosity were also investi-
gated, and measurements made of surface tension and vield strength of the
retardants.

The aerodynamic breakup characteristics of the preceding three retardants
and water were studied using shock tube and gas gun techniques, If was found
that the ease of breakup (breakup rate) of the liquids increased in the order:
Phos-Chek XA, Flre-Trol 100, Fire-Trol 931 and water. This order is in agreement
with the order for decreasing effective liquid viscosity. The photographic
sequences of the breakup process showed that Phos-Chek exhibits considerable
stability toward aerodynamic breakup compared to the other liquids, and this
increased stability is attributable to its elasticity,
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An analysis was made of the breakup characteristics of the preceding
chemical retardants and water under a variety of conditions, using the developed
breakup models and experimental rheological property measurements. The effects
of the controlling parameters such as aircraft velocity, tank and gating system,
and rheological properties of the fuel are discussed in detail., It is shown that
the aerodynamic deformation of the liquid preceding its Taylor breakup both
increases the lateral extent of the liquid and gives an initial lateral velocity to
the particles produced by Taylor breakup. The ground path width of the dissem-
inated liquid particles should thus increase with increase in drop height-up to a
limiting value, The Taylor breakup time of the ejected liquid decreases with
increase in aircraft velocity and decrease in load size (particularly tank length),
deformation viscosity and Taylor instability viscosity. The size of the particles
produced by the Taylor breakup and surface eroslon of the liquid decreases with
increase in aircraft velocity and decrease in effective fluid viscosity (at the
appropriate shear rate). Ground path length and area increase with increase in
particle size, The relative ordering of the liquids for decreasing final particle
size is Phos-Chek, Fire-Trol 100, Fire-Trol 931 and water. The effective vis-
cosity for both Taylor breakup and surface erosion decreases in the same order.
Small particles have smaller settling velocities and hence remain airborne for a
longer time period than do larger particles, Thus evaporation rates are greater
for small particles. Consequently the relative ordering of the liquids for in-
crease In droplet impaction time and cloud settling time, and decrease in retard-
ant recovery for the preceding retardants is the same as for decreasing particle
size,

The results of a brief literature survey on fuel wetting by rain and fire
retardants are summarized. The wetting of a fuel by aerial delivered fire retard-
ant involves the impaction and splatiering of individual liquid droplets or particles
on portions of the fuel, followed by run (flow) and drip of the liquid over other
portions of the fuel. Experimental studies were conducted to obtaln information
regarding the spreading and storage of fire retardants on typical fuels by both
dynamic and static liquid droplet impaction. It is shown that the rheological
properties of retardants can have a significant effect on both fuel wetting by
impaction and subsequent liquid storage by the fuel. '

On the basis of the results of the studies, it is concluded that the rheo-
logical properties can have a significant effect on aerial breakup’and dispersion
of fire retardants, and on theilr fuel-wetting characteristics, The mcdels devel-
oped on the program appear to be adequate to explain most of the important as—
pects of the aerial dissemination of bulk fire retardant, A brief discussion is
presented of recommended studies that could potentially improve the models and
present understanding of aerial dissemination - including the measurement of
the droplet sizes produced by various retardants under various dissemination
conditions.

xii



1, INTRODUCTION

Although the use of aircraft to deliver water or water-based retardants
to large forest or other fires dates back only about 20 years, the advantages of
such a delivery system were soon recognized and the airtanker drop of retardant
rapidly became an important method of fire suppression. It was early known
that the incorporation of various additives such as borate with the water could
significantly increase the local efficiency of fire suppression, and it was
rapidly found that the additives also had important effects on the breakup
characteristics and dispersion behavior of the free~falling mass of liquid
dropped from the aircraft., Since that time a variety of studies have been con-
ducted by the Forest Service and others in an effort to develop better fire
suppression additive materials, and improve the delivery of the retardant from
the alrcraft to the fire area. These studies have encompassed such things as
mechanism studies of how retardants suppress fires, determination of the local
physical form and specific quantity of the retardant needed to suppress various
kinds of fires, effects of additive composition on fire suppression effectiveness,
and effects of aircraft velocity, altitude and the method and rate of releasing
the retardant on the dispersion pattern and ultimate ground recovery of the
retardant.

The results of the preceding studies have been quite fruitful with
regard to enhancing the effectiveness of suppressing fires by aircraft drops of
retardants. For example, the studies have led to the development of improved-
retardant additives for use in suppressing fires, and have determined some of
the better techniques for the release of the retardant from the aircraft, The
studies have also helped to define the proper operating conditions (velocity
and altitude) for the aircraft {within safety limits) at the time of the drop.
However, although the studies have elucidated various ways of enhancing the
effectiveness of suppressing fires by aircraft drops of retardants, they have
also shown that in actuality many of the processes that occur from the time of
drop of the retardant from the aircraft until its final settling on the fuel complex
- including its distribution and retention on the fuel - are coupled and ultimately
depend on the rheological properties of the retardant.

It is thus evident that further progress in the art of suppressing fires
by the aerial drop of fire retardants including

a, the development of improved retardants,

b. design of better drop techniques (tank and
gating systems),

c. control of dispersion pattern,
d. control of retardant distribution,
e, retention and recovery,

f. system and dispersion optimization, and

g. ability for higher altitude drop



redquires a knowledge of the pertinent rheological properties of fire retardants
and an understanding of how these properties affect the various processes that
occur from the time of drop until the dispersed retardant settles out on the fuel
complex,

Recognizing this need, the U,S. Forest Service has sponsored a .
program with Shock Hydrodynamics, whose overall purpose was to establish the
relationships between the rheological properties of a liquid fire retardant and the
drop behavior, breakup and dispersion characteristics, and wetting-out properties
of the retardant. This report describes the results of these studies,

In the succeeding sections~following a summary of the nature of the
problem - there is first presented the results of a literature gurvey on current
knowledge regarding the theory of the serodynamic breakup of ligquids. Thecoretical
studies are then described in which equations are developed for calculating the.
breakup characteristics of liquid fire retardant when dropped from an aircraft.*
This is followed by sections which describe measurements which were made of
various physical and rheological properties of conventional fire retardant solutions,
and the aerodynamic breakup characteristics of these solutions using shock tube
and gas gun technigues. The developed theory is then used to estimate the
aerodynamic breakup characteristics of the various fire retardant solutions and
water under various drop conditions, and the effects of the various system
parameters and fluid properties examined in detail. A preliminary discussion is
presented relating the liquid breakup and dispersion characteristics to the final
ground pattern produced. The results of a brief literature review on the wetting
out characteristics of typical fuels by rain and retardant solutions are then
summarized, and the results of studies that were conducted to further understand
the wetting out of fuels by retardants described., The report concludes with a
brief discussion of further studies that could usefully be conducted to extend
and test the developed concepts.

*The more importéllt terms used throughout the report are summarized in
Appendix I. : ’ :



2. NATURE OF THE PROBLEM

2.1 BACKGROUND

The use of aircraft to deliver water or fire retardant chemicals on
large fires was first instituted in the middle 1950's, and by 1960 the alrtanker
drop of retardant on inaccessible fires was a common practice. In the early
drops ardinary water was primarily used as the fire retardant, but it was rapid-
ly found that the addition of various substances, particularly borate, to the
water could significantly increase the effectiveness of the retardant in suppres-
sing the fire on a local level, as well as reduce evaporative loss of the water
during its dispersion by increasing the particle size. Since that time there has
been a more~or-less continuing effort to improve firefighting technigues using
the airtanker drop, and there have been numerous revisions of mixture composi-
tions and dissemination techniques in bringing the airtanker drop to its present
relatively high degree of perfection. The use of aerial-delivered retardants
steadily increased during that time. For example, it is reported1 that in 1970
the USDA Forest Service, Bureau of Land Management and California Division
of Forestry alone applied aerially about 17 million gallons of fire retardant
whose raw cost was about 3,5 million dollars, and whose cost with mixing and
delivery costs added was about 20 million dollars, or more than a dollar a
gallon,

It is evident that with expenditures of this magnitude it is desirable
that ultimately the most efficient additives be used in the retardant, and that
the dissemination of the retardant bée accomplished in the optimum manner with
respect to its overall fire suppression ability. This requires information re-
garding the various processes that occur during the dissemination of the retard-
ant and its suppression of a fire under various conditions. Over the years a
variety of studies have been conducted that have helped to provide this informa-
tion. It has been found for example, that certain fertilizer solutions have very
good properties, both with respect to fire suppression and their aerial dissem-
ination, The use of fertilizer solutions as fire retardants is of special impor-
tance since their use can simultaneocusly have heneficial effects on plant
growth. BStudies have also been conducted on the mechanism of fire suppression
by retardant mixtures, and on the effects of various controllable parameters
such as aircraift speed and altitude and the method and rate of the release of
the retardant from the aircrait on the dissemination characteristics and ultimate
ground recovery of the retardant. These latter studies have shown that the
rheological properties of the retardant play a significant and in some cases
dominant role in controlling the aerial dispersion of the retardant, and conse-
quently the concentration and physical properties of the retardant as it interacts
with the fuel complex on the ground,



It is evident then that in order to optimize the aerial dissemination of
fire retardants currently in use, information must be acquired on the pertinent
rheological properties of these retardants under the shear stress conditions
experienced in free fall from an aircraft, and on the relationship of these pro-
perties to the various processes that control the breakup and dissemination
behavior of the retardants., Future development of new additives would thus
require conslderation of the rheological properties of the retardant in conjunc-
tion with the fire suppression eifectiveness of the material.

2.2 FIRE SUPPRESSION BY CHEMICAL RETARDANTS

The suppression of fire in a fuel complex by a chemical retardant con-~
sisting of water that contains various additives can be a very complex event,
but the general principles are understood to some extent. The fire can either
be extinguished directly by the retardant, or the retardant can be applied to
fuel ahead of the advancing fire front and prevent or retard the burning. The
direct extinguishment depends heavily on the conventional mechanisms by
which water puts out a fire, i{.e., cooling of the burning material, absorbing
heat energy frocm the heat source, preventing heat from reaching the fuel,
diluting the combustible gases around the fuel (with steam), etc. Various addi-
tives can influence extinguishment in this manner as well as in water retardment
of the advancing fire front, while other additives can retard fire advancement
irrespective of whether water is present when the fire reaches the area that has
been treated with the retardant,

2.2.1 Water-Modifyving Additives

Various substances can be added to the water that can make the water
more efficient in suppressing fire. Retardants made up of water and these types
of additives are called "short-term" retardants, in that their effectiveness
depends largely on the extinguishing properties of water., The additives can act
in various ways. Wetting agent additives such as certain detergents lower the
surface tension of water so that the water can spread easler on a surface and
also penetrate into smaller cracks. The water will also (undesirably) foam more
easily. Water containing a wetting agent is sometimes called "wet water".
Additives such as certain polymers and gums that increase the viscosity of
water causes the water to stick or adhere more easily to the fuel, and to be
retained In greater thickness. Water thickened with additives that increase
the viscosity of the water 1s sometimes called "viscous water®, "thickened
water", "sticky water" or "slippery water®, Some thickening additives in addi-
tign retain moisture and coat the fuel, while additives such as bentonite merely
coat the fuel to exclude oxygen and retard the escape of the fuel pyrolysis
products,

2.2.2 Mechanism of Cellulose Ignition

Although a variety of water-modifying additives are available and used
in fire suppression work, some of the most important fire retardants In use today
contain large amounts of fertilizer materials such as ammonium sulfate and
ammonium phosphates. These materials suppress fires by an additional mechanism
than the water-modifying additives, and thelir method is based on the alteration of
the pyrolysis preducts formed when the fuel is heated.
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Consider briefly the ignition of cellulosic~type of materials such as
various woods. A recent literature review of the subject is given in reference 2,
and a paper in reference 3 discusses certain particularly pertinent aspects of
the subject. When such a material is subjected to an external heat source such
as the hot gas flame and radiation from an adjacent fire, the surface temperature
of the material begins torise and moisture is driven out from near the surface
of the material, As the surface temperature continues to rise, heat is slowly
conducted into the interior of the material., When the surface temperature
becomes greater than about 100° C, pyrolysis reactions begin to occur in the
material, and small amounts of combustible gaseous products start to be
evolved, together with water vapor and carbon dioxide. The pyrolysis reaction
at this point is endothermic however and the gaseous products are largely non-
combustible. During the endothermic surface pyrolysis, the wood slowly under-
goes charring as the volatiles are driven from the material. As the surface
temperature is further increased, the concentration of combustible gases and
tars caused by pyrolysis increases, and when the temperature reaches about
350 to 600° C, depending on the material, the reaction in the evolving gases
suddenly become exothermic - with the subsequent increase in temperature
leading to ignition as the gases mix with and undergo further reaction with air.

The endothermic pyrolysis reactions preceding ignition drive off
volatiles which causes the material to undergo charring, and the rate of heating
can consequently affect the ignition characteristics of the material. Slow
heating allows the material to be decomposed in @ manner that the volatiles
produced are relatively non-combustible, and this eventually results in a rela-
tively thick char layer being produced. Ignition becomes more difficult as time
proceeds in this case due to the loss of combustible volatiles, and the presence
of the char layer which lowers the heat conduction rate into the material, On
the other hand rapid heating causes rapid formation of combustible volatiles with
consequent ignition occurring before the formation of extensive charring.

2.2.3 Flame-Inhibiting Additives

The manner in which the ammonium sulfate and ammonium phosphate
materials suppress fire then, 1s based on their ability to cause pyrolysis to
occur at a lower temperature so that the fuel undergoes charring without ignition,
The overall effect is the formation of more char and less volatiles. The method
of doing this is belleved to result largely from chemical reaction between the
solid retardants and the fuel pyrolysis products causing incombustible pro-
ducts to be formed, although there are also probably other mechanisms involved.
Since the effectiveness of these kinds of additives depends on the composition
of the additive and not on the presence of water they are called "long-term"
retardants. However, the best results are obtained when the materials are
applied in water solution and not in dry powder form, possibly because the
material can coat the fuel complex more efficiently in this manner. The
suppression effectiveness of the material depends both on the amount of material
deposited on a unit area of the fuel, and on the amount of fuel coated by the
material and the type of retardant,

2.3 DISSEMINATION SEQUENCE OF AIRIAL-DELIVERED RETARDANT

The sequence of events that occur when a chemical retardant is
delivered and applied to a fire by aircraft (e.g., an airtanker) is relatively
straightforward, and its examination can serve to point out the inter-relaton
between the various events. Briefly, the tanker carries a load (e.g., 1400



gallons) of the premixed retardant to the fire area, the retardant being contained
in one or more (usually 2-8 ) tanks or compartments. If two tanks are used the
loads can be dropped either separately, sequentially, or together. The tanks
can have various shapes and sizes, as well as various sized gates through .
which the retardant is dropped, and different mechanisms for operating the
gate. Depending then on the dimensions of the tank and gating system and on
the speed of the aircraft, the aircraft will travel for some distance during the
release of the retardant from the aircraft, and this distance will help determine
the pattern and area of the dispersed retardant when it reaches the ground,

The speed and altitude of the aircraft during drop normally range between 90—
150 knots and 75-300 feet, regpectively, depending on the aircraft involved
and the flying conditions. The attitude of the aircraft at the time of load
release can also affect the trajectory of the free-falling retardant, and hence
also the dispersion area and pattern.

As the gate is opened the bulk liquid retardant begins to undergo
free-fall toward the ground, but with a trajectory whose initial angle is deter—
mined by the speed and attitude of the aircraft, As the moving liquid interacts
with the atmosphere it is subjected to aerodynamic forces which deform (flatten)
the ligquid and simultaneously erodes {breaks) the liquid at its free surface
into droplets {particles). The deforming bulk liquid subsegquently breaks into
many relatively large particles {(globs), and these globs also undergo surface
erosion as they continue their trajectory toward the ground. Depending on
conditions, the larger droplets formed by surface erosion may subsequently
undergo further breakup. In any event, however, as the eroded droplets are
formed their forward motion is greatly retarded (due to increase in drag) so
that their subsequent fall is usually close to vertical in the absence of a
wind (the smaller eroded particles are carried by the wind). Both the breakup-
characteristics of the deforming liquid and the rate of surface erosion depend
on the rheological properties of the liquid, particularly its effective viscosity
under the local shear rate conditions.

During the breakup of the drop (bulk liquid) into globs, the
trajectory of the drop may change to some extent due to increase in initial
vertical velocity as the liquid exits the gate and to slight decrease in
horizontal velocity due to frontal drag on the drop by aerodynamic forces.

The subsequent trajectory of falling globs may likewise change with time, due
to that fact that as a liquid glob proceeds through the atmosphere it gets
smaller (which may decrease its velocity) until it either impacts the ground or
all of the glob has been broken {eroded) into droplets, In any event the path
length of the disseminated liquid will depend primarily on the exit time of the
liquid from the aircraft, and the rate of aerodynamic breakup of the falling
liquid - which depends on the rheclogical properties of the liquid. The
concentration of disseminated liquid is not uniform over the entire path length,
which in typical cases may be about 300 to 800 feet, depending on various
factors. The concentration is usually lowest over about the first third of the:
dispersion path length, due to the fact that a finite time is required for all

of the liquid to ieave the aircraft and the amount of liquid surface exposed

to erosion is initially relatively small, The conceniration then increases

to a maximum value, and then drops off sharply as the last remainder of the
individual globs is broken up. The concentration of dispersed retardant
needed in fire fighting application depends on several factors, but in a
typical case may be two or more gallons per one hundred square feet of
ground area., '



The droplets formed by the surface erosion reach their terminal vertical
fall velocity rapidly, and as they descend the droplet cloud undergoes spreading
due to diffusion, downwash of the aircraft and wind,., It has been found that wind
speed and the settling time of the droplets are usually the strongest lateral area
coverage parameters, The settling time depends on drop helght, and also on
particle size, shape and density. Thickened and elastic (gummed} materials
reach the ground in a more coherent mass and in a shorter time than plain water.
Thus gum thickened retardants can be used to permit higher and therefore safer
drops without decreasing the effectiveness {concentration) of the dispersed
retardant, The extent of evaporaiion of the dispersed liquid also depends on the
settling time of the droplets, as well as on their size and viscosity.

The aerodynamic breakup of a liquid retardant glob produces a distribu-
tion of droplet sizes, and these different sized droplets descent at different
rates., In general, large particles travel faster than smaller ones, but the ex—
tent that the particles undergo deformation (flattening) during descent also
enters in since particle shape helps determine the value of the drag coefficient
of the particle. The extent of deformation of a droplet of a specified size will
depend on the physical properties of the droplet, particularly its surface tension
and viscosity. Since the droplets descend at different rates, the settling of
the dispersed liquid cloud occurs over a finite time, e.g., 5 to 30 seconds af-
ter the first particles reach the ground, As the retardant droplets settle they
interact with and coat the fuel complex, and the nature of this interaction and
coating depends both on the rheclogical properties of the retardant and on the
particle size. The nature of these processes will be considered in more detall
later.

3. LIQUID BREAKUP THEORY

In view of the importance of the aerodynamic breakup characteristics of
the retardant on the area coverage, concentration and recovery of the dispersed
retardant at ground level, and of the rheological properties of the retardant on
its breakup characteristics, it is useful to review some of the present under-
standing of liquid breakup theory and the role of the physical properties of the
liquid on the breakup process. More detailed application of some of this work
will be considered later.

The aerodynamic breakup of liquids to form droplets is a complex pro-
cess, and in the past has been subjected to considerable study, Most of these
studies were devoted to the breakup of Newtonian liquids with well defined
initial geometries such as drops and small diameter jets, but the general prin-
ciples involved also apply to other geometries such as large globs, large
diameter jets and other large liqguld surfaces, the actual surface area undergoing
the breakup usually being the largest uncertainty factor in the process. The
droplet sizes produced by the breakup and the controlling physical properties
are essentially the same in all cases.



In view that droplets are produced by the aerodynamic breakup of a
glob of free-falling liguid retardant and that much of the available information
regarding liquid breakup has been concerned with drops, it is desirable to first
consider the idealized breakup behavior of individual liquid drops of a Newtonian
liquid. The effects of other liquid geometries and non-Newtonian fluid proper-
ties will then be considered.

3.1 DROP BREAKUP MECHANISM AND BREAKUP TIME

The aerodynamic breakup of liquid drops has been subjected to con-
siderable experimental study.4“ll These studies have shown that if a drop is
subjected to an air stream it will initially deform (flatten), and then undergo
breakup provided that the airflow velocity is equal to or greater than some
critical value that depends on the properties of the drop and the air density,
The minimum air velocity required to breakup the drop can usually be estimated
from an expression that eguates the dynamic gas pressure tending to breakup
the drop to the drop surface tensicon stress resisting the bhreakup, l.e.,

2
Cd PV _ 4g 1
7~ d | -
where
o) is air density,
Vv is therelative velocity between the gas stream
and the drop,
Cd is a drag coefficient,
ol is surface tension of the liquld drop, and

d is drop diameter.

Thus, for a specified relative velocity between the particle and the air, the
maximum stable drop size is proportional to the surface tension of the liquid.
Equation (1) is only approximate if the viscosity cf the liquid is relatively large.

The breakup of a drop may occur in two general ways, depending on
the conditions, Near the critical (minimum) air flow velocity the drop will be
broken up by a so-called bag breakup mechanism, in which the drop is blown
cut in a concave manner into the form of a hollow bag which then breaks up
into small droplets. At higher air velocities the drop always breaks by a
stripping mechanism in which the outside surface of the drop is consecutively
eroded (sheared) from the drop to form small droplets. The bag breakup mechan-~
ism has been atiributed to pressure drag and the stripping mechanism to shear
drag4, and it was shown experimentally that under suitable conditions the drop
can apparently undergo both mechanisms simultaneously.

Fquation (1) is a stability criteria for breakup, but does not give the
time duration required for the breakup. For example, it is well known that a
higher gas velocity will breakup a drop faster than will a lower velocity.
Expressions for bag breakup time for certain limiting cases of lquid drop and



air flow properties were glven initially by Hinze 12. A general expression for
the bag breakup time, t, of a drop was derived by Gordon(13) using Newton's-
second law, i.e.,

2
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where p, is liquid density, n is liquid viscosity and the remaining symbols are

the same as in Eq. {l). An extensive experimental study4 using shock tube
and high speed photographic technigues of the breakup times of several kinds
of liquid drops with different densities, viscosities, surface tensions and

drop sizes under various velocity conditions by Andersen and Wolfe showed
that Eq. {2) is in good agreement with the experimental data for both bag and
stripping breakup except for a small, approximately constant factor that will be
discussed subsequently.

Andersen and Wol’fe4 derived the following expression for drop
breakup time based on a parabelic velocity distribution across the drop,

d

t = (3)
w?+ Bp)/2 - a
A = 1577/d.01: B = 2/.\01 (4a)
=1 e _kO
P = 5 pV Cd q (4b)

Using values of Cy = 1, and k= 2, Eq. (3) was found to give good agreement
with all of the experimental data except for a small approximately constant
factor. The comparison is shown in Figure 1. Ii is noted that the theoretical
breakup times are slightly larger than the experimental times, which was also
true using Eq. (2). This factor arises largely from the manner in which the
experimental breakup times were defined. In order to be consistent, the experi-
mental breakup time was taken to be the time from the interaction of the gas
flow with the drop until the drop just started to break. A comparable (but some-
times variable) time was then usually required for the drop to breakup completely.
Thus the experimental breakup time should be multiplied by a small factor

fabout 2 to 3) to give a true breakup time, which causes the experimental
breakup time to be in reasonably good agreement with Egqs. (2) and (3).

Other expressions are also avallable for calculating breakup times of
drops, of which that of Mayer14 may especially be mentioned. This treatment
considers the air flow to induce small capillary waves (instabilities) on the
liquid surface which then break and are eroded from the drop. This treatment
thus corresponds to the stripping (erosive) breakup mechanism. In this treat-
ment the total breakup (stripping) time, tg, is given by

ty = 1d/L (5)
T 18 the time required to form and break a wave with the mean wavelength L, where
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f = /20,07 pov? (7a)
g = BTTZTJ/PI (7b)
¢ = BLRY3 (7¢)

The configuration parameter B has an experimental value of about 0.3, The
sheltering parameter 8 is a function of velocity, but for the relatively low
velocities encountered in the aerial dissemination of retardants its value is
about 0.1, Equation (5) has also been found to be in reasonably good agreement
with experimental data.

The preceding models allow the total breakup time of the drops to be
estimated under specified conditions of drop size and composition, and gas flow.
However, it is also possible to make estimates of the extent of breakup as a
function of time. In the case of the Mayer theory it is possible to compute
exactly the degree of liquid stripping {erosion) as a function of time. This will
be discussed in more detail later.

Other theoretical discussions of the breakup of liquid drops are also
available including those of Harper et a1,15, , Engles, Hanson et a18, Jenkins
and Booker? and Ranger and Nichollsl?

3.2 DROPLET SIZE

The sizes of the droplets produced by the aerodynamic breakup of
liquid drops has received some consideration in the past. Andersen and Wolfe
measured the size distribution of the droplets produced by the aerodynamic
breakup of a single drop of the liquid known as 'bis’', under a variety of condi-
tions of air flow and drop size. Bis has a very low vapor pressure so that
vaporization effects on the droplet sizes are negligible, Figure 2 illustrates
some of theresults. These investigators derived an expression for the mean
diameter, dp, of the droplets produced by the aerodynamic stripping of the
drop, obtaining

4

1367 03/2 1/2 1/3

dp = ] (8)
m p‘01/24 _

Figure 3 shows a comparison between the experimental values of mean droplet
size and Eq. (8). The agreement is reasonable considering the crudeness of
the model and the scatter in the experimental data., It is possible that the low
value of the mass mean diameter obtained in the bag breakup cases may be
due to the fact that only about one-third of the mass of the drop goes into the
bag portion and two-thirds goes into the rim, which breaks into larger droplets.
Equation {8) gives the same air velocity, viscosity and drop Sinj ector) diameter
dependence as found experimentally by Weiss and Worshaml for liquid jets
introduced into a gas stream. '
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The distribution of the droplet size produced by the droplet breakup
can be estimated using the logarithmic normal probability distribution functién, B

as has been discussed by Brownl8:19 { ¢, ]

2
d tnd-4nd, )
i
Fp = :1[32 j' exp {- 5 M} g tnd (9)
(2m) tno o 24n” o

where Fp is the percentage of drops with diameters from 0 to dy, d' denotes
differential, and 0 1is the standard deviation of the geometric mean droplet

diameter dgm' which is related to the mass mean diameter dm by
tnd _=4nd_ -2.54n%0 (10) -
gm m ’
dgm corresponds to a value of 50 for Fp. The solution of Eqn. (9) requires the

values of d, and 0, and glves a straight line when plotted on logarithmic
probability paper. The value of dm can be obtained using Egn. (8) or an

equivalent equation, The value of 0 generally lies between 1.7 to 1.917' 19
and the minimum droplet size, which has the value de/9 when the Mayer

aquation is used to define Ay will fall in the F range of 0,01 to 1; and the
maximum drop size will then be about 9d.,/2 and will fall in the F range of

99 to 99.9. A knowledge of d, thus enables the drop size distribution to be
estimated by choosing an Fp value for 2dgm/9 that falls between 0.0l to 1, e.qg.,
0.1, and drawing from it the line that passes through the point dgm.

The theory of 1‘\/I¢':1§/'e:r10 also provides an expression for mean droplet
size produced by aerodynamic stripping, i.e.,
1/2
n/py) / 2/3
d, = 22.711'8[—'—"“'2——] (11)
pv

This expression has the same air density and velocity dependence as does

Egn. {8). It is also possible to generate the entire droplet size distribution
by this theory, and this will be discussed later,

3.3 EFFECT OF GEOMETRY AND NONIDEALIZED FLUID PROPERTIES
A variety of investigations have been conducted on the breakup of

liquids with initlal geometries other than drops. The breakup of liquid jets
has in particular been studied extensively.
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One of the most important investigations of ;et breakup in a high
velocity gas stream was that of Weiss and Worsham!/, who studied the drop ~~
sizes produced by the breakup of a jet liquid wax in a hot airstream. The-
mass median diameter (mmd) of the drops was found to be given by

0.16_0,34

dm _ kV—l.33ViO.08DjL 7 (1 +'oo/'°) (12)
where
k is a constant,
\'4 is a relative gas velocity,
v is injector velocity,
Di is jet diameter,
n is liquid viscosity,
P is normal air density, and
Po is air density at 300°F.

This expression gives the same air velocity, viscosity and injector (drop)
diameter dependence as given in Eqn, (8) for drops. Weiss and Worsham
concluded that: "The atomization of liquids by large, high velocity airstreams
occurs by direct action of the airstreams on the exposed liquid surface. There -
fore the relative velocity between the liquid and the airstreams is of primary
importance. Physical properties of the flulds do affect spray fineness, but
their net influence is less critical, The exact way in which the liquid is intro-
duced into the air, i.e., the geometry and operation of the injector, is of least
importance, particularly at very high air velocitles and for the customary range
of variables." This statement together with the similarities of Egns. (8}, (11),
and (12) indicate that the breakup of liquid drops and jets as well as other geo-
metry liquids occur by essentially the same mechanism as long as conditions
are such that the liguid breakup occurs by an erosion (instability) process at
its surfaces, Hence the effect of gas properties (velocity and density) and
liquid properties (density, viscosity and surface tension) on the breakup time
and droplet diameter should be essentially the same for the erosive breakup of a
liquid with any geometry,

Other studies of the breakup of liquid jets and of other geometry
liquids are given in References 10, 20-26, In general the results of these stud-
les support the previous conclusions,

The results of the theoretical and experimental studies of liquid breakup
described throughout this section have in general applied to ideal, i.e., Newtonian
liquids. Little information, either experimental or theoretical, is available on
the breakup behavior of non-Newtonian liquids which undergo such behavior as
shear thinning or viscoelasticity.27,28 However, some of the models used for
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Newtonian liquids can also be used to describe the breakup of non-Newtonian
fluids, provided that the effects of the strain rate dependence of the viscosity,
and the fluid elasticity are incorporated in the equations.%9 This will be
discussed in more detail later.

4, BREAKUP THEORY OF LIQUID RETARDANTS

As bulk liquid fire retardant undergoes free fall from an aircraft it is
subjected to aerodynamic (wind) forces which deform (flatten) the liquid, and
simultaneously shears (erodes) the liquid on its exposed surfaces in contact
with the airflow into droplets of various slzes. The deformation of the liquid
by the frontal drag causes the liquid to undergo both lateral spreading and
thinning. After appreciable thinning, instabilities {known as Taylor instabili-
ties) are induced in the front surface of the liquid, and grow rapidly once
initiated. When the amplitude of the instabilities (waves) becomes essentially
equal to the thickness of the deforming liquid, the liquid breaks into a large
number of individual particles or globs. These particles may then undergo
further breakup into smaller droplets by mechanisms such as surface ercsion as
they continue their fall trajectory.

There are thus two separate breakup mechanisms which occur during the
free fall of bulk liquid (e.g., salvo drop) from an aircraft, viz, Taylor instabili-
ty (or deformation) breakup which frontally breaks the deforming bulk ligquid into
smaller particles, and surface (wind) erosion which breaks (strips) droplets from
the exposed surface of the initially ejected bulk liquid before it undergoes
Taylor breakup, and from the liquid particles produced subsequently by the
Taylor breakup of the bulk liguid,

A summary of the equations that were developed during the program to
describe the preceding processes will now be given, Application of the equa-
tions to the hreakup of real fire retardant solutions as well as the development
of certaln subsidiary relations necessary in their solution will be given later.

4.1 SURFACE EROSION BREAKUP

A glob of liquid retardant moving rapidly through the air will be subjected
to wind friction at its exposed surfaces, and this friction will shear (erode) mass
from appropriate surfaces of the glob., On a fundamental basis the wind causes
small disturbances (instabilities) or waves to grow on the surface. These
disturbances break when their amplitude is comparable to their wavelength, and
are shed from the glob as particles or droplets,. A varilety of wavelengths are
excited and grow at different rates. Thus a distribution of particles sizes are
produced by the surface erosion. Small wavelength disturbances grow at a rate
limited largely by viscosity (for a specified relative velocity), while large
wavelengths are limited by inertia,

A model that can usefully be used to describe these events is that of
Mayerl?, whose basic results are given in Eq. (6) - (7¢). However, Mayer
only developed the average particle size produced over a long time period )
(Eq. (11) ), and it may be desirable to include both the effects of

16



particle size distribution and time, depending on the case under consideration.
The appropriate equations have been developed in ref. 30, where effects of - -
gravity wave formation were also considered. Only capillary wave formation is
of Importance here.

The rate of formation of droplets per unit surface area of t glf erod-—
ing liquid in a differential wavelength range is given by14 NdL = (£/L 2-—g/L

Consequently the mean rate of droplet formation per unit surface area from waves
having wavelengths between Ll and Lz is given by

N, = (L,-L) 7! [% £ (Y2153 % -(e/3) (L'1'3—-L£3)] (13)

The mean size le between Ll and LZ is given by

Ly = [ Nyp poly) ] B I:Zf(LI% -1, %) ~(9/2)(L; "1, ] (14)
where

t= (n/2p,0)"% gov” (15)

g = 8n2n/ki (16)

d=Bg%5L 17

In these equations Py o and n are the density, surface tension and viscosity

of the liquid, p is air density, V is the relative (wind) velocity between the
liquid and the air stream, d is the diameter of the liquid particle produced by
the breakup of a capillary wave with wavelength L, B is a parameter whose
experimental value is about 0.3, and beta is the sheltering parameter. The
value of beta has in the past - when only low viscosity liquids were under
consideration — been regarded as either a constant, or a functlon whose value
decreases with increase in air velocity. Studies on this program have shown
it to also depend on liquid viscosity, and this will be discussed later,

The mass rate of formation (gm/cm2 sec) of particles, MlZ’ per

unit surface area having diameter, dlZ’ is given by

Mg = ("diz/s)p 1N12 (18)

provided that Ll and L, in Eq. (13) and {(14) are chosen over a sufficiently small

increment. In this case the total mass per unit time of the particles formed per
unit surface area is the sum of the mass formation rate of all the particle sizes,
f.e., '

M = znk” (19)
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Ip the general case, however, the mean mass formation rate of liquid particles,
M12' eroded from the liquid glob, from waves having wavelength sizes between
Ly and Ly is glven by

pl 2 3/2  3/2
17 = W [gf (LZ —-Ll ) —g%n(Lz/Ll) ] (20)

M
where the mean size le between Ll and Lz is given hy
2 2
£y %18 g @y - 1y)
f (L3/2 - L:])i/z) - g in (LZ/LI)

(21)

The preceding equations were obtained assuming a uniform
{Heaviside) probability density for the wave formation, as is commonly done
for problems of this nature. A more realistic assumption may be to make the
probabillity proportional to the frequency of wave (ligament) formation, but
this would much further complicate the analysis. Generally speaking, experi-
mental data on liquid erosion are not usually sufficiently detailed or accurate
enough to distinguish the detailed form of the distribution function (hence the
probability density), and in many cases the semi-~emperical logarithmic normal
probablity distribution function discussed previously has consequently been
used to further simplify the problem without general loss of accuracy. The
mean droplet size for use in this distribution function is, however, either
obtained from the surface eroslon model or from experimental data,

Mavyer caonsidered the steady state case of the wind erosion of a
half~space of liquid, in which the total erosion time is large compared with
the droplet formation time, In this case the minimum droplet size is produced
by those instabilities having 1/7 = 0 {Eq. 6), and consequently the minimum
wavelength, Lmin' is glven by '

Loy = @/0% @)

He considered the maximum wavelength, Lpax: to be infinite. Substitution

of these values in Eq. (14) gives the mean wavelength, L, = (S/Z)Lmin, which
when combined with Eq. (17) glves the mean droplet size shown in Eq. (11).

The wind erosion of a liquid glob takes place over a finite time,
and is thus transient in nature, In this case the minimum and maximum wave-
lengths excited during a time t is given by the minimum and maximum wave-
length roots of the equation3

LZ—-ftL3/2+ tg =0 (23}

It can be estimated that for the high velocity wind erosion of a low viscous’
‘fluid, the effect of using the minimum and maximum wavelength. computed by
this equation on the resultant size distribution of the eroded particles is
generally of negligible Importance, but as wind velocity is decreased and
fluid viscosity increased there are computed differences when compared to
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the Mayer limits. Of potential consequence also for the wind erosion of a
liquld particle with finite size is that the maximum gvavelength excited cannot
exceed some effective fraction of the particle size. 1 This also has negligible
effect for the case of high wind velocity and low viscosity fluids, but for low
wind velocity and high viscosity fluids it may be of considerable importance,

Equation (23) also shows that a liquid must be subjected to wind
flow for a minimum time, t;, before any particles are eroded from it, where

t_ = 2.116 (g/f‘*)l/3 (24)

This general behavior is observed experimentally, such as during the aero-
dynamic breakup of a liquid drop or jet by a shock wave,

The preceding equations have been shown to be in reasonably
good agreement with breakup times and droplet sizes produced by the aero-
dynamic breakup of liquid drops and jets., In practice the theory can be fit
(correlated) with experimental data as accurately as desired by considering
B and B to be arbitrary constants, This procedure is valid since their values
are only approximately known, and are largely based on the results of experi-
ment.

4,1.1 Effect of Non~Newtonian Viscosity

The preceding equations assume Newtonian liquid viscosity, i.e.,
that the viscosity is independent of the shear rate of the liquid. However,
in principle these equations can also be used to describe the breakup of a
non-Newtonian, e.g., shear thinning or shear thickening (dilatant} liquid pro~
vided that the effect of shear rate on the effective viscosity of the liquid that
controls the shear rate is included in the solution of the equations. The rela-
tion between shear rate, S, and viscosity must generally be determined experi-
mentally, and for a shear thinning liquid is often of the form3

n=a-+(b/8) sinh™! (c§) (25)
where a, b and c are experimental constants.

The average effective shear rate, S, of the liquid while undergoing
surface erosion may be estimated as follows. Replacing the roughly sinusoidal
behavior of an instability with wavelength L by a triangle gives the following
expression for the average shear rate of the liquid during the growth of the
instabilities,

: d 2
S =% "o T L 26)

where r is lateral distance, and v is the velocity of wave growth, Since the
liquid ligament breaks when the wave amplitude is comparable to its wave-
length, v = L/7, where T is the particle formation time from a wave with
wavelength L and is given by Eq. (6), il.e.,

19



T . f/Ll/ 2 -g/:L2 (27)

Substituting for v in Eq. {(26) gives
: 2
S = p= (28)

Thus breakup calculations involving a non~Newtonian liguid must include

Eg. (25} {or its equivalent) and (28) in the solution. It may be seen that the
effective viscosity of different wavelength disturbances is different, and
hence shear thinning or fluid dilatancy will affect the general form of the size
distribution of the droplets produced by liguid breakup, as well as the average
slze,

The normal low shear rate {e.g., Brookfield) viscosity of various
fire retardants vary widely, and range from about 0,01 poise for water to
15-25 polses for Phos~-Chek XA and Fire~Trol 100. However water is a
Newtonlan liquid and its viscosity is independent of shear rate, whereas real
retardants are thickened liguids and their viscosity usually decreases with
increase in shear rate, For example Phos-Chek XA is a gum thickened solu-
tion  while Fire-Trol 100 is a clay thickened solution, lLiquid breakup rate
and resultant droplet size both depend on the viscosity of the liquid. However
under the dynamic conditions of breakup experienced by a liguid undergcing
free fall from an aircraft, the effective viscosity controlling the breakup of the
liguid is the shear thinned value consistent with the shear rate of liquid,
rather than the low shear rate value, It may thus be seen that the relation be-
tween viscosity and shear rate of the retardant is of considerable importance
in determining the breakup behavior of the liquid retardant, and the relative
Brockifield values of different liquid retardants may or may not be indicative of
the relative qualitative breakup behavior of the retardants under conditions
experienced in free fall from an aircraft,

4,1,2 Effect of Fluid Elasticity

Another potentially important dynamic property of liquids that may
affect liquid breakup is elasticity, and fluids may be either viscoelastic or
elastoviscous in nature, The properties (e.g., elasticity) of viscoelastic
fluids are time-dependent and involve hysteresis. Visccelastic fluids that
are also Newtonlan often obey the Maxwell equation, i.e.,

-

Py ¥ {(n /G) Py = M8 (29).

where ny 1s shear stress and G is shear modulus, If the liquid is non-

Newtonian, Eq. (29) may be considered to apply to the effective viscosity -
which is shear-rate dependent - at any time,

Of more importance for the present studles are elastoviscous
fluids, in which the elasticity 1s also manifested during the steady shear of
the liquid. The practical significance of elasticiiy to aerodynamic breakup
then is as follows. Elastic liquids when undergoing rapid shear develop a
"normal stress” which acts as a tension in the direction of flow, and stores
elastic energy. This energy acts as a stabllizing force on the shearing liquid
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Thus in the case of visceelastic liquid undergoing aerodynamic erosion, the
liquid is stripped off initially in the form of thread527, rather than discrete- -
particles as occurs for an inelastic fluid. These threads ultimately break to
form particles, but the particles are larger than if the elasticity were not
present,

Liquild surface subjected to wind stress develops instabilities
which grow and are eventually erocded from the surface of the liquid to form
droplets. During its shearing growth, the liquid develops an elastic stress.
This stress later decays as the aerodynamic forces subside on the shearing
ligquid. Breakup of the llquid may not occur until the relaxation of the stress,
If the relaxation time, tr, for stress relaxation of the liquid is small compared

to, T, the droplet formation time (given for inelastic liquids by Eq, 27), then
the elasticity of the liquid should have no affect on the breakup characteristics
of the liguid., However if tr i1s comparable to 7, then fluld elasticity will affect

the breakup characteristics, and in particular should decrease breakup rate
and increase droplet size. Thus the magnitude of the stress relaxation time in
comparison with the droplet formation time under the local wind conditions
should be a measure of the importance of fluid elasticity on the breakup char-
acteristics of the liquid.

The stress relaxation time can be expressed in several v\zaygs,?’:g“‘?5
i.e.,

t=1/G =s/S = nsz/Pn (30)

where 11 is viscosity, G is shear modulus, S is shear rate, s is the elastic
strain (recoverable shear), and Pn is the normmal stress. The elastic proper—

ties of a liquid are described by its values of s and Pn. For an inelastic

liquid the recoverable shear is zero, In general all of the properties in this
eQuation are shear rate dependent.

The effect of elasticity on the stability of a fluid undergoing
shear can be expressed by the addition of an appropriate term describing the
elasticity to the viscosity (non-Newtonlan or Newtonian) of the liquid at the
specified shear rate, so as to glve an effective viscosity which incorporates
both viscous and elastic effects. In particular the effective viscosity, Ny is

given hy*

n, =n({1+s) (31)

e

*The applicability of this equation was pointed out to the authors by Dr.
P. J. Blatz of Shock Hydrodynamics, who also derived it using tensoral
methods, The treatment is rather complex, and ls given in Appendix II.
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where n is the viscosity and s 1s the recoverable shear of the fluid. Note that
both 1 and s may be shear rate dependent. For a nonelastic liquid, s = 0,
and Ne = 1N+ For a Newtonian liquid, n = constant, and is independent of

shear rate. For a non-Newtonian liquid, 1 can either decrease or increase with
increase in shear rate - depending on whether the liguid is a shear thinning or
dilatant fluid, It may be seen from this equation that the effective viscosity of
an elastic, shear thinning liquid at high shear rates is generally greater than
the effective viscosity of a shear thinning nonelastic liquid, due to the presence
of the term (1 + s), and the fact that s always increases with increase in shear
rate.

As noted in the preceding footnote, Eg. (31) can be derived on a
rigorous basis but the treatment is relatively complex. The relation between
viscosity and elasticity of liquids has been discussed extensively in the litera-
ture, and an equation with the Hmiting form of Eqg. %31% has been used to describe
the elongational viscosity of viscoelastic liquids.35-39 An equation of this
form has also been used extensively in describing rubber elasticity, the term.

(1 + s) then being called the stretch factor, A. In this case it is often used in
the form, A®, where n is an empirical constant that is used to correlate experi~
mental data with theory.

The expression for effective viscosity, Eq. (31} can be naively obtained
by recalling that in an elastic shearing liguid, the normal {elastic) stress
(P = P11 - PZZ) acts as a pull or tension in the direction of shear flow, and that

the elastic energy must be supplied by the forces driving the fluid flow. The
effective shear stress, Pyyes of the flowing fluid is then given by

nye = Pyt Py (32)

where the kinetic energy pressure is included in Pyye: Pp is the normal elastic
stress, and ny is the conventional viscous shear stress given by nS where
n is the viscosity (which may be a function of shear rate, 3). The effective
shear stress can be expressed in a similar manner, {.e., nye = NeS, where _
Mo is the apparent or effective viscosity of the elastic liquid. From Eq. (30),
above, P, =7nSs, where s is the recoverable shear. Substitution of these
values in Eq. (32) gives Egq. (31).

4.1,2.1 Significance of the Effective Viscosity on the Liquid
Breakup Characteristics.

Equation (31) is of great practical importance since it combines and
clearly identifies the individual roles and relative importance of the viscosity
and the elasticity of a lquid on the effective viscosity that controls the breakup
characteristics of the liquid. Thus the non-Newtonian viscosity and the fluid
elasticity of the liquid are the dominant rheological properties that control
the stability of the liquid to breakup, and their combined effects are as
given in Egq. (31). Thus correlations inveolving these rheological properties
of a Uquid should be based on Eq. (31) rather than the individual rheological
properties. Inuse the viscosity term given in the surface breakup model
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just discussed, and the deformation (Taylor breakup) model to be discussed
subsequently should bereplaced by the effective viscosity, i.e., Eq. (31),
which encompasses all types of fluids, i.e., Newtonian, non-Newtonian,
elastic and non-elastic fluids. It should be noted that changing the viscous
or elastic properties of a fluid will also change the effective shear rate of
the breaking liguid.

4,1.3 Secondary Droplet Breakup

The surface erosion of a liquid by wind flow produces a distribution
of droplet sizes, as given by Eq. (13). The larger of these particles after
formation may, under suitable conditions, undergo further breakup during
descent. The potential effect of this breakup can be examined using one of
the drop breakup models discussed in Section 3, including effects of shear
thinning and fluid elasticity according to the shear rate dependence required
in the model. However since the wind velocity is relatively low once the
primary droplets are formed, it is likely that the shear rate is sufficiently
small that the viscosity will be large enough to greatly impede the breakup.
Hence secondary droplet breakup is probably of small or negligible impor-
tance for most viscous fire retardant solutions.

4.2 DEFORMATION (TAYLOR INSTABILITY) BREAKUP

As noted previously, as bulk liquid retardant is released from an
alrcraft it undergoes deformation by aerodynamic forces, which results in a
thinning and lateral spreading of the fluid. After significant thinning, insta-
bilities (waves) are induced in the front surface of the liquid and grow cata-
clysmically - which results in the fracturing of the liquid into smaller pieces.

The importance of the Taylor breakup process on the dispersicon
characteristics of aerially delivered fire retardants has been emphasized by
Swanson and Helvig40r41 who stated that the peripheral stripping of the
liquid before Taylor breakup has only minor effect on the meaningful ground
pattern of the dispersed retardant. They developed a model based on Bond
number considerations for estimating the gross effect of the aircraft velocity
and retardant load (gallons) on the breakup time of the retardant subsequent
to its release from the aircraft. However the model did not provide any detalils
regarding the nature of the dispersed retardant.

In this section a more comprehensive analysis is made on the Taylor
breakup process from which the effects of the controlling parameters such as
aircraft velocity, tank and gating system and the rheological properties of the
fluid on the breakup characteristics of the liguid retardant can be estimated.
These effects will be considered in more detail later.
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As just noted, Swanson and Hel\.rig‘q‘o‘f'11 simulated the deformation - -
and Taylor instability breakup processes by replacing the retardant tank
volume by an equivalent sphere, and utilized an equation developed at the
Bell Telephone Laboratories42r43 to estimate the breakup time of the liquid
as a function of aircraft velocity and retardant load. This equation-based
on Bond number-was originally developed for estimating the breakup time of
a small liquid drop by Taylor instability, and certain constants in it such as
the drag coefficient were evaluated from experimental data obtained in a
shock tube. In order to obtain good agreement between this theoretical
equation and the experlimental breakup times which were obtalned from the
photographic recoards of the aerial drops of several different sized loads of
fire retardant, Swanson and Helvig found it necessary to reduce the value of
a certain constant in the theoretical equation. Alternatively, the value of
the drag coefficient - which was assumed to have a constant value of 2.5 -
could presumably have been increased to obtain the agreement,

4,2.1 Deformation Rate of the Liquid

In order to separate the effects of the length, LO, of the aircraft tank
containing the fire retardant from its cross sectional area, the volume Vo’ of

the tank is replaced by an equivalent cylinder with length LO and radius Ro’
where

2
TIRO LO = VO (33)

The shear, v, of the llquid at time, t, when subjected to aerodynamic forces
with stagnaticn pressure, P, is given by*

1
.7
t = Ay + 2nyy/P (34)
1
2 . 2
o, 2rl +r%) | 2 :
A = A (3.a)
1 2
P =5 CGypv {35b)

*This equation was obtained by Dr. P. J. Blatz of Shock Hydrodynamics. Its
derivation is given in Appendix III.
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just discussed, and the deformation {Taylor breakup) model to be discussed
subsequently should be replaced by the effective viscosity, i.e., Eq. (31),
which encompasses all types of fluids, {.e., Newtonian, non-Newtonian,
elastic and non-elastic fluids. It should be noted that changing the viscous
or elastic properties of a fluid will also change the effective shear rate of
the breaking liquid.

4.1.3 Secondary Droplet Breakup

The surface erosion of a liquid by wind flow produces a distribution
of droplet sizes, as given by Eq. (13). The larger of these particles after
formation may, under suitable conditions, undergo further hreakup during
descent. The potential effect of this breakup can be examined using one of
the drop breakup models discussed in Section 3, including effects of shear’
thinning and fluld elasticity according to the shear rate dependence required
in the model. However since the wind velocity is relatively low once the
primary droplets are formed, it is likely that the shear rate is sufficiently
small that the viscosity will be large enough to greatly impede the breakup.
Hence secondary droplet breakup is probably of small or negligible impor-
tance for most viscous fire retardant solutions,

4.2 DEFORMATION (TAYLOR INSTABILITY) BREAKUP

As noted previously, as bulk liquid retardant is released from an
aircraft it undergoes deformation by aerodynamic forces, which results in a
thinning and lateral spreading of the fluid. After significant thinning, insta-
bilities {waves) are induced in the front surface of the liquid and grow cata-
clysmically - which results in the fracturing of the liquid into smaller pleces.

The importance of the Taylor breakup process on the dispersion
characteristics of aerially delivered fire retardants has been emphasized by
Swanson and Helvig40-4 who stated that the peripheral stripping of the
liquid before Taylor breakup has only minor effect on the meaningful ground
pattern of the dispersed retardant. They developed a model based on Bond
number considerations for estimating the gross effect of the aircraft velocity
and retardant load (gallons) on the breakup time of the retardant subsequent
to its release from the aircraft. However the model did not provide any details
regarding the nature of the dispersed retardant.

In this secticn a more comprehensive analysis is made on the Tavylor
breakup process from which the effects of the controlling parameters such as
aircraft velocity, tank and gating system and the rheological properties of the
fluid on the breakup characteristics of the ligquid retardant can he estimated.
These =ffects will be considered in more detail later,
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As just noted, Swanson and Helvig‘m""11 simulated the deformation
and Taylor instability breakup processes by replacing the retardant tank
volume by an equivalent sphere, and utilized an equation developed at the
Bell Telephone laboratories42:43 to estimate the breakup time of the liquid
as a function of aircraft velocity and retardant load. This eguation-based
on Bond number-~was originally developed for estimating the breakup time of
a small liquid drop by Taylor instability, and certain constants in it such as
the drag coefficlent were evaluated from experimental data obtained in a
shock tube. In order to obtain good agreement between this theoretical
equation and the experimental breakup times which were obtained from the
photographic records of the aerial drops of several different sized loads of
fire retardant, Swanson and Helvig found it necessary to reduce the value of
a certain constant in the theoretical equation. Alternatively, the value of
the drag coefficient - which was assumed to have a constant value of 2.5 ~
could presumably have been Increased to obtain the agreement.

4,2.1 Deformation Rate of the Liquid

In order to separate the effects of the length, Lo’ of the aircraft tank
containing the fire retardant from its cross sectional area, the volume V. of

the tank is replaced by an equivalent cylinder with length Lo and radius Ro’
where

2
mRy L, =V (33)

The shear, y, of the llquid at time, t, when subjected to aerodynamic forces
with stagnation pressure, P, is given by*

1
2
t = Ay + 2ny/P (34)
1
Py (ZL(ZD + RZO) 2 ;
A = 2P {35a)
=1 2
P =3 Cde (35b}

*This equation was obtained by Dr. P. J. Blatz of Shock Hydrodynamics. Its
derivation is given in Appendix III.
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where
dy/dt = S
S is the shear rate of the fluid,
Py is Hquid density,
is air density,

Vv is the relative velocity between the lquid and the
air stream (the aircraft velocity},

CJd is the drag coefficient, and

Ny is the effective viscosity of the liquid during
its deformation by the air flow.

n4 will hereafter be called the deformation viscosity of the liquid.

As the liquid undergoes deformation, it thins and spreads laterally.
The thickness or length, L, of the liquid at any time during deformation is
given by

L = L, exp {(~y) (36)

where LO is its initial thickness, which is equal to the length of the tank (the

difference between the tank length and door length will not be distinguished
in the present analysis). The effective radius, R, of the liquid at any time
during deformation is given by

R = R, exp (v/2) (37)

where R is the initial effective radius of the liquid, and is related to tank
volume 8nd length by Eq. (33).

4,.2.1,1 Effect of Shear Rate on Viscosity

For a Newtonian liquid retardant such as water, the deformation vis~
cosity, 74, in Eq. (34) is the normal viscosity of the liquid. For a non-

Newtonian retardant, however, the value of N4 will be the effective viscosity,
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U evaluated at the shear rate experienced by the deforming ligquid, where ne
is given by Eq. (31}, T

The shear rate of the deforming liquid may be estimated as follows, It
can be shown that for the present purposes the term containing N4 in Eq. (34)is

always small compared to the first term (For most purposes it can be neglected,
but is retained here to show its effect), Neglecting the un term initially and

solving for ¥ and then substituting back into the complete equation gives,
'yl/z = t/A - antz/AsP. Since S = dy/dt, it is seen that the shear rate is
time dependent. The average value, Sd’ 1s adequate for the present purposes,
and is given to good approximation over a time period, td’ by
2
é iy 4nd td
A A'P

In order to include Eq,(38) in the solution of the equations, it is necessary to
utilize the experimental relationship between the shear rate and the effective
viscosity of the liquid,

4,2 .2 Growth Rate of the Instabilities

During the deformation of the liguid and after significant thinning has
occurred, two dimensional instabilities (waves) are induced in the front liquid
surface that interacts with the air flow. These instabilities- once initiated-
grow rapidly, and when their amplitude is essentially equal to the thickness of
the liquid, the liquid fractures into smaller pleces. In actual practice, in-
stabilities with several different wavelengths may be initiated and grow simul-
taneously in the deforming liquid. High speed photographs of the aerial de-
livered free falling retardant show that in some cases during the breakup of
the liquid one or more relatively large globs of liquid are formed that appear
to become detached and break away from the remainder of the liquid cloud.
That is, in some cases one or more relatively large liquid globs are formed
whose trajectory differs {runs ahead) of the main body of the cloud. These
globs may be the result of imperfections (or perturbations) in the breakup of
the liquid due to the particular instantaneous manner in which the flowing lig-
uid is ejected from the tank,or of large wave length instability growth super=
imposed on the more rapidly growing smaller wavelength instabilities. It is
believed that the formation of these large globs in general represents a per—
turbation on the idealized (or average) behavior of the system. In any event
it is not possible to account for their presence at this time, and the present
treatment considers the average breakup of the liquid to occur as a result of
the fastest growing instability growing to an amplitude equal to the thickness
of the deforming liquid. '

Keller and Kolodner44(KK) have investigated analytically the growth
rate of the fastest growing (Taylor) instability produced by a wind interacting
normally with a non-viscous liquid with finite surface tension. They developed
expressions for the time required to breakup a sheet of specified thickness by
this mechanism (KK, Eq. 40), and the size of the resultant liguid pieces (KK,
Eq. 39). Their solutions contain the wave number of the fastest growing
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instability (KK, Eq. 35) which is a function of the liquid properties and its
surface acceleration.

Bellman and Pennington45(BP) investigated the growth of the fastest
growing Taylor instability for the cases of a non-viscous liguid with surface
tension, a viscous liquid without surface tension, and a viscous liquid with
surface tension. For the non-viscous liquid with surface tension they obtained
the same solution for the wave number of the fastest growing disturbance (BP,
Eq, 3.9) as was obtained by Keller and Kolodner., Their results for a liquid with
both viscosity and surface tension (BP, Eq., 4.7-4.,10) are complex and cannot
be expressed in closed form. It was shown however, that the presence of
surface tension generally has negligible effect on the wave number of the
fastest growing disturbance, and that this wave number is viscosity controlled.
The principle effect of viscosity is to retard the growth rate of the disturbances
and shift the fastest growing disturbance to a longer wavelength. This would
result in larger particles being produced by the breakup of the liquid by this
mechanism. The approximate solution of the wave number obtained by Bellman
and Pennington for a viscous fluid without surface tension (BP, Eq, 2.35) was
consedquently used in the growth rate and particle size equations obtained by
Keller and Kolodner, i.e.,, the wave number for a non-viscous liquid with
surface tension in the KK equations was replaced by the wave number for a
viscous liquid obtained by BP. The resulting expression for the breakup time,
ti , of a sheet of liquid with thickness, L, by Taylor instability growth is given
by

1/3 1/3

t;= 2(p;my) (/P tn(L/A) = (BL/P ) tn(L/A) (39)

where n, is the viscosity of the liquid while undergoing instability growth,P
is given by Eq, {35b), 4n is natural logarithm, and A, is the initial amplitude
of the instabilities just as they start to grow,

4,2.2,1 Wavelength and Particle Size
The wavelength, A, of the fastest growing instability is given by45

2/3 L1773

A -'“-417771 [b-;—l—j ] (40)

The equivalent spherical diameter, D, of the particles or globs formed by the
Taylor breakup of the deformed (thinned) ligquid with thickness L is given by

1/3 1% Sn"f 2/
= (24m) =Ty

(41)
Py P

This expression is based on the assumption that the liquid breaks at the nodal
lines (where the octahedral shear stress is a maximum} and which are a distance
(A /2) apart, The volume of a liquid particle is then given by (A /2)2L. On the
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other hand if the air bursts through the deformed liquid at the points of maximum
liquid displacement, the volume ?f a liquid particle is given by ()LZL), and D
would be given by a factor of 4 1/3 = 1,588 greater than that given in Eq. (77).
No experimental evidence is available as to which case actually occurs, and
technical opinion seems divided as to which case occurs. A part of the contro-
versy stems from the fact that the general behavior of the back surface of the
liquid (opposite to the surface that interacts with the air flow) during the
instability growth is not known, and this surface may either remain planar or
undergo wave growth in phase with the front surface. For the present analysis
the equivalent diameter of the particles produced by Taylor instability breakup
of the liquid is assumed to be given by Eq. {41}, but it should be kept in mind
that it may be larger by a factor of abcut 1.59.

4,2,2.2 Effect of Shear Rate on Viscosity

For a Newtonian liquid the viscosity given in Eq. (39-41) is the ordinary
shear viscosity, and is then equal to nd of Eq. (34), For a non~-Newtonian
liquid, however, 'r,l in Eq. (39-41)will differ from Eq. (34) since the shear rate
differs.

The average shear rate of the liquid during the growth of the instabilities
may be estimated as follows. Replacing the roughly sinuscidal behavior of an

instabjlity by a triangle gives the following expression for the average shear
rate, S1 , of the liquid during the growth of the instabilities,

| dv v v
= = = 42
S T T T T (42)

where A is given by Eq.(40), r is lateral distance, and v is the velocity of the
wave growth which is given by

v= L/t (43)
Substituting gives

§-—P (@)
41 T]l‘fan(—A-“;-')

Utilization of this equation requires an experimental relationship between shear
rate and viscosity.

4.2.3 Solution of the Equations

Equation (34)describes the deformation of the liguid by aerodynamic
forces as a function of time in terms of the shear of the liquid, and Eq. (36)°
relates the shear to the instantaneous thickness of the deforming liquid.
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Equation(39) gives the breakup time of the liquid by Taylor instability growth

for any constant liquid thickness L. However the liquid thickness does not - -
remailn constant, but rather decreases during liquid deformation. The question
arises as to how to combine Eq.(34) and Eq. (36) so as to obtain valid expressions
of the breakup time of the deforming liquid and the properties of particles produced.
What is most desired, of course, is a solution of Taylor breakup for the case
where the cylindrical liquid is undergoing deformation, and the thickness is’
continually decreasing. However, such a solution is not available in the
literature, and to obtain it rigorously represents a formidable problem,

An apparently very good approximaticn to the solution of the problem can
be obtained as follows, which uses the essentially exact limiting solutions
obtained for the case of the monatonic deformation of a liquid cylinder (Eq.34).
and the Taylor instability breakup of a liquid sheet of constant thickness (Eq.36).
It will be observed that as (deformation) time increases, the value of the liquid
thickness, L, decreases, which causes the Taylor instability breakup time of
the liquid to also decrease. For small deformation times the instability breakup
times are large, whereas for sufficiently large deformation time the instability
time becomes vanishingly small. A plot of the sum of the deformation time, t
plus the Taylor instability breakup time, ti , versus time {and hence liquid

thickness) should hence exhibit a minimum, and this minimum should define the

effective thickness, I‘e’ of the liquid during its deformation that controls the

breakup, Thus the Taylor breakup time, tb . of the liquid subsequent o its
interaction with the air siream is given by

b=t + t, (45)

where the deformation time, td is given by Eq. (34), and the Taylor instability
breakup fime, ti' is given by Eq.(39). The effective value of liguid thickness,
Le, that is used to evaluate the individual expressions is obtained from

dt ]
b
2 =0 (46)
[dL -1
e
which glves
A . 2N 4
1/2 P
2/3 2(tnkL /L)
o’ e
Le = T (47)
2 e

Once Le is evaluated from this equation, the breakup time is evaluated by
substituting L = Le in Eq. (45) , i.e.,
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L, /2 2y L 2/3 L

o 92 _& gy
ty, = A {{n Le) + in _ + BL, iLn 1 (48)

P L A

The liquid instability wavelength (Eq. (40) )}, equivalent sphere particle
diameter (Eq. (41)), lquid instability shear rate (Eq. (44)), and Hquid de~
formation shear rate (Eq. (38)) all require the substitution of L = L_ in their
evaluation. e

The radius, Re' of the deformed liquid at breakup is given by

1/2
R, =R, (L /L) (49)

The lateral motion of the liquid during its deformation causes the
particles produced by the breakup to have a lateral velocity, This lateral
velocity causes the particles to undergo further lateral spreading during their
free fall ~ consistent with thelr drag properties. This causes the width of
the ground pattern to increase with increase in aircraft altitude up to some
limiting value. Turbulent diffusion also causes lateral spreading of the
particles, but in this case only the very small particles (e.g., < 0.1 mm)
undergo spreading during their fall,

The lateral veloocity of the liguid at any time and position is given
by dR/dt, where R is given by Eq. (37). Evaluating to obtain the lateral
velocity of the particles at radius Re at the time of liquid breakup gives

4n -1
A d
v, =R, [ L 172 5 | (50)
(&ni—"
e

4,2.3.1 Further Comments

The present model used to describe the initial breakup of the liguid
after ejection from the aircraft assumes the liquid to be in the form of a
cylinder which undergoes aerodynamic deformation and then breakup due to
the growth of Taylor instabilities, A rigorous solution that describes the
combined deformation and instability growth is not avallable, and represents
a formidable problem. What is avallable however, 1s a solution of the
liquid deformation as a function of time, and an approximate solution of the
Taylor instabllity breakup time of a liguid sheet with constant thickness.
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Using these, the solution to the problem is obtained by assuming that the
breakup time, tp, of the liquid (Eq. (45)) is equal to the time, tg, to deform

the liquid from its initial thickness, Lo' to some effective thickness, L_,
plus the time, ti’ for the Tavlor instability growth to break the liquid with

thickness Le' The unique value of Le is obtained by the minimumization pro-
cedure given in Eg. (46).

The preceding problem of the deformation and Taylor instability
breakup of a liquid is analogous to the problem of the surface heating and
ignition of a combustible material such as a propellant, In this case the
heating of the propellant surface by some suitable means, such as by thermal
radiation, causes the temperature of the surface torise with increase in time.
An exact analytical solution of this temperature rise is available for the case
that the surface does not undergo thermal decomposition reaction., The heating
of the inert surface is analogous to the deformation (without instability growth) .
of the liquid, except that the temperature increases with increase in time
whereas the liquid thickness decreases. Analogous to the Taylor breakup time
at constant liquid thickness, a solution of the decomposition reacticn time
leading to ignition is available for the case of an initially constant reaction
temperature. However during the surface heating the temperature continually
increases, which ultimately causes fast thermel decomposition which culmin-
ates in ignition.

An analytical solution of the preceding surface ignition problem was
obtained earlier4® in a manner similar to that used here for the Taylor breakup
problem. The ignition time was considered to be given by the time for the
surface heating {(considered inert} to raise the surface temperature to some
effective value, plus the time for the thermal decomposition (ignition-preducing)
reaction to occur at that temperature., The unique effective temperature was
obtained by the minimumization procedure given in Eq. (46).

However, unlike the Taylor breakup problem, numerical solutions of
the surface heating and ignition equations were available.47.48 It was shown
inreference 46 that the analytical solution obtained on the basis of the pre-
ceding minimumization technique was in very good agreement with the numerical
solution as closely as could be determined. Moreover the results of the
numerical solution were consistent with an ignition criterion based on the
minimumization technique, '

There is thus considerable evidence that the method used here to
solve the equations describing the deformation and Taylor instability breakup
of the liquid is a good approximation to the true solution of the problem, and
will give useful results.
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5. MFEASUR EMENT OF RHEOLOGICAL PROPERTIES

Experimental studies were conducted to measure the rheological
and physical properties of presently used liquid fire retardants that are of
importance in describing the dispersion and impaction behavior of the retard-
ants. The retardants studies included Phos-Chek XA, Fire-Trol R100 and
Fire-Trol R 931 (LC). The properties of interest included viscosity as a
function of shear rate, surface tension, yield stress and fluid elasticity.

The viscosity of a thickened or viscoelastic fluid is usually a
function of shear rate, and as discussed previously it is to be expected that
shear thinning and elasticity has a significant effect on the breakup charac-
teristics of most viscous fire retardant solutions. The viscosity of Newtonlan
fluids is independent of shear rate; whereas for shear thinning fluids the
viscosity decreases with Increase in shear rate, but at sufficiently high shear
rates may elther become constant or increase again. For a dilatant liquid the
fluid viscosity increases with increase in shear rate, '

On the program measurements were made by Shock Hyvdrodynamics
of the viscosity of the retardants at shear rates between 1 and 1400 sec™!
and yield stress, using @ Haake Rotoviscometer which was obtained on loan
from the Forest Service. Independent measurements of viscosity over a more
extended shear rate range and of fluid elasticity were made by the Flame and
Incendiary Research ILaboratory of the U. S, Army Edgewood Arsenal in Edge-
wood, Marvland, under subcontract to S8hock Hydrodynamics. The Rotovis-
cometer is a rotating viscometer, whereas the Edgewood Arsenal instrument is
a high pressure capillary tube viscometer. Measurements were also made of
retardant surface tension,

5.1 ROTATIONAL VISCOMETER TECHNIQUE

The fire retardants studied were prepared in a Proctor-Silex Model
8040 blender, which has seven speeds. The maximum and minimum speeds
are 21,000 and 12,000 rpm. The mixing propellor has four blades, each
1.0 in. long and approximately 0.26 in. wide,

The retardant solutions were prepared as follows. To 500 ml of
distilled water was added 68.4 grams of powdered Phos-Chek XA {(obtained
from Monsanto Corp.). The mixture was mixed for 0.5 min. at the lowest
blender speed and then for 2,5 min. at the highest speed. The mixing
procedure for Fire-Trol 100 (the Fire-Trols were obtained from Chemonics
Co.) included the addition of 167.5 grams of the powder to 500 ml distilled
water, and blending the mixture for 2.5 min. at the No. 2 speed level,
Fire-Trol 931 (LC) was diluted in distilled water, mixing ration 1:4, and
stirred vigorously to obtain a homogeneous solution.
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For purposes of quality control, the apparent viscosity of each
mixture was measured using a Brookfield LVF viscometer, at 60 rpm using
spindle 4 for the Phos-Chek XA and Fire-Trol 100 and using spindle 2 for
the Fire-Trol 931. The readings were taken after the spindles turned for
1 min. The mixtures were suspended in a 20°C water bath ina 300 ml
beaker and allowed to obtain temperature equilibration with the bath before
the viscosity was determined,

The Haake Rotovisco was employed for measurements of viscosity
as a function of shear rate. A water bath was connected to the temperature
controlled assembly using a submersible pump. The exterior wall of the
MV beaker containing the sample was coated with glycerine so as to establish
good thermal contact with the wall of the tempering vessel. Rotors MVI, MVII
and MVIII were employed and measurements were made at the ten speeds
between 3 and 486 rpm.

Using the lowest speed and the MV rotors, the instrument was cali-
brated by suspending known weights between 10 and 50 grams from the rotor
using light weight thread, and measuring the scale reading, Sc' The force

exerted by the weight results in a torque moment on the rotor which is defined
by the weight, G, and radius, r, of therotor. The values of scale sensitivity,
a, were determined by

= G r/SC, grams-cm/scale division (51)

The ratio of the experimental values obtained to the values quoted on the
Rotovisco calibration certificate were 4.78/{(4.978), 4.92/(4.868), and
4.87/(4.869), grams-cm/scale division, respectively, for the MV I, II, and
111, which represents a maximum uncertainty of 4.1% and an average error of
1,7%. The instrument constants a, B and k used in estimating apparent
viscosity, shear rate and shear stress are shown in Table I.

TABLE I. INSTRUMENT CONSTANTS FOR HAAKE ROTOVISCOMETER*

Rotor Rotor Radius a B k
(cm)

MV 1 2.004 4,978 1370 2.38

MV II 1.84 4,868 529 6.93

MV III 1.52 4,869 259 20.45

*Beaker radius = 2.10 cm; Rotor length = 6.00 cm.
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The formulae used in estimating the shear stress at the rotor, Or’ the

uncorrected shear rate, Su, and apparent viscosity, Mapp? 3r€-

o - AS dynes/c:m2 (52)

r- c
where A = kB/100, and SC is the scale reading of the instrument,

éu = B/U, sec™? (53)
where U is the gear position of the Rotovisco, and

napp =U SO k. (54)
5.2 EXPERIMENTAL RESULTS

The results obtained on each of the three fire retardant mixtures
are shown in Figures 4 - 6. The effect of temperature variations on the
apparent viscosities of Phos-Chek XA and Fire-Trol 100 were also studied,
and the results obtained at 20° and 30° C are reported in these figures. In
each case different samples of the same prepared mixture were used in making
these determinations since it was found that variations in mixing and other
uncontrolled test variations could be comparable to the variations caused by
temperature changes., Examples of the magnitude of these test varlations
are shown in Figures 7 and 8 where the apparent viscosities of three different
Phos~Chek XA mixtures are given.

The apparent viscosities obtained for the retardant solutions using
the Broockfield LVF viscometer are estimated to be 1050-1650, 2075-2490, and
130-160 centipoise, for Phos-Chek XA, Fire-Trol 100, and Fire-Trol 931 (LC),
respectively. The calculated shear rate under the operating conditions of the
'‘Brookfield' is 12.5 sec~l for these measurements, These calculated shear
rates are based on an empirical formula45

S = (0.209) + (rpm of spindle), sec (55)

5.2.1 Data Correction

The shear rates and viscosities obtained by Eqns. (53) and (54) are
only "apparent" viscosities and apparent shear rates, since these terms are
derived from the Newtonian expression for rate of shear at the wall of the inner
cylinder33 . A more correct estimate of apparent viscosity and shear rate can
be made by correcting for non-Newtonian behavior at the wall of the inner
rotating cylinder, i.e., at the bob. The treatments of Krieger and Maron ¥"and
Krieger and Elrod> ! were utilized, whereby the flow behavior of non-Newtonian
fluids is defined by the functional relationship, g, between the viscosity
gradient (or rate of shear) dv/dy, and the shearing stress, o,
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Viscosity, Centipoise

IREEREN

(I, 1I, and III refer to Rotovisco MV Bob.)
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Figure 5. Apparent Viscosity of Fire-Trol 100 as a Function of Shear
Rate (Uncorrected).
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Viscosity, centipoise
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Figure 8. Apparent Viscosity of Fire-Trol 100 Retardart Solutions as a

Function of Shear Rate. Differences Between Solutions Reflect
Variations in Sample Preparatiorn.
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dv/dy = g(o) | (56)

and the clearance between the walls of the sample cup and the rotor bob is
taken as an independent variable (see Figure 9 for description of the visco~
meter).

i A
]
f J - -~ Fluid level
k™ Ry
let-R  —i

Figure 9. Model of Concentric Cylinder Viscometer.

From the mathematical model developed by these workers the corrected expres-
sion for the rate of shear is

) 1 2 m 2
écorr = g(ar) = {nne [1+ mine +7 (mine) +—n§~ {tne)“] (57)

where n is the angular velocity of the rotor {radians/sec), € is the ratio of the
cup or beaker radius to the rotor (bob} radius, m is the slope of the loga vs
log Gr data and m' is the second derivative of logn vs log Or' In order to

obtain the values of m and m' at the various shear stresses, a least square
polynomial was computed for each set of data {l.e., loga vs log 01) . A
computer program was written to make these calculations.

5.3 DISCUSSION OF EXPERIMENTAL RESULTS

The experimental data for the three fire retardants were corrected
using the Krieger-Maron-Elrod freatment, The corrected data are shown in
Figures 10 to 16, and reflect the corrections made by the application of this
treatment. In Figures 10-12 are shown log-log plots of apparent viscosity
versus corrected shear rate. A comparison of these figures with Figures 4-6
shows that the effects of the corrections are generally small, Figure 13 shows
a comparison of the viscosity versus shear rate of the three retardanis. Figures
14-16 show log-log plots of shear stress versus corrected shear rate of the
retardants. : :
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Corrected Viscosity, centipoise
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Figure 1l. Corrected Apparent Viscosity Versus Shear Rate for Fire-Trol

100 at 20° and 30°C.
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5.3.1 Effect of Shear Rate

It can be seen from both the uncorrected and the corrected data that
Fire-Trol 100 is much more sensitive to shear rate than is Phos-Chek XA, and a
crossover in the apparent viscosities of the two retardants occurs at a shear
rate of approximately 50 sec~l. Thus at the lower (e.qg., Brookfield) shear rates
Phos-Chek XA has a higher apparent viscosity than Fire~Trol 100; whereas at
shear rates greater than about 50 sec™l the apparent viscosity of Phos-Chek XA
is lower than that of Fire-Trol 100. This general behavior appears reasonable
since Phos-Chek XA is a gum thickened material, whereas Fire-Trol 100 is a
clay thickened material, It also appears that the viscosity of Fire~Trol 931
becomes essentially independent of shear rate at shear rates exceeding approxi-
mately 2000-4000 sec-l, If this is true then the viscosity curves of the two
Fire-Trol retardants would also cross, In this case the apparent viscosity of
Fire-Trol 100 would be less than that of Fire-Trol 931 at sufficiently high shear
rates. There is some uncertainty regarding the experimental curvature of the
log n versus log 5 plot at the highest shear rates for Fire~Trol 931, and it
is necessary to have higher shear rate viscosity data in order to resolve this
question.

5.3.2 Estimated Yield Stress

The Krieger-Maron~Elrod treatment does not include a considera—
tion of the yield stress. However, from the data obtained, an attempt has been
made to estimate vield stress, Y.

It has been observed that many viscoelastic fluids obey the power
law although its use is often questioned on the basis of dimensional analysis 52,
i.e.,

g st n-1

g =k, 80 (59)

1

In Figures 14-16 it is evident that over a relatively broad range of shear rates
the power law is obeyed for both Phos~-Chek XA and Fire-Trol 100, and for Fire-
Trol 931 it is obeved over a lesser range. When the shear stress (o) within

the gap between the rotating bob and stationary cup falls below the yield stress
it would be expected that the fluid flow would be drastically altered. This
shear stress 1s given by

M (60)
g =
"

where r is the radial distance from the rotating axis of the bob to some point
between R},, the bob radius and R, the cup radius, k, is the effective length
of the bob in the fluid, and M is external torque on the bob, At the point
where o < Y, "plug flow" should occur, that is, in the part of the gap close
to the cup wall where the yield value is not exceeded there exists a non-
moving body of material, while across the remaining gap the same material
exhibits laminar flow in the region where the stress exceeds the yield value.
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It would be expected the slope, n, of the power law relationship (i.e.,
log § vs log 0y) changes when the shear stress at the bob approaches the
yvield stress,

As shown in Figures 14-16 there does appear to be a sharp
enough transition to permit the estimation of the value of the yield stress, Y.
The values estimated for Phos~-Chek XA, Fire-Trol 100 and Fire-Trol 931 (LC) .
at 20°C are 185, 235, and 20 dynes/cm , respectively, using the corrected
data obtained from the Rotovisco instrument under conditions where the
largest bob (i,e., MV I, radius 2.004, cup radius 2,10 cm) was used.

The Reiner-Rivlin model for a plastic body or Bingham body33 was
also employed for the estimate of yield stress. This model which is based on
Newtonian flow, i.e.,

n = (0-Y)/ (~dv/dr) (61)

where 0 is given by Eqn. (60) and M is the external torque on the rotating bob
(see Figure 9). Assuming that

-dv/dr =~ r dw/dr (62)
where w is the angular velocity and integrating between w = o at the bob wall

{radius Rp) to w = 0 at the interface laminar and plug flow {radius R} there is
obtained

n = AT e )~ Y n R/Ry) (63)
: |

Re

It can be shown that the curve a versus o approaches the stress axis at the
yield stress tangentially (i.e., da/do — 0) because the gap distance (Ry, / R)
w1thm which laminar fluid flow occurs approaches zero, Thus if one assumes
Nawtonian flow the yield stress, Y, can be estimated from a best fit of da/do
versus 7 or by graphical means at dn./dO = 0, Following this procedure,yield
values were obtalned for the two viscous retardants Phos-Chek XA and Fire-
Trol 100 at 20°C of between 124-182, and 181-199 dynes/cm2. Since this
model assumes Newtonian flow, however, the agreement between the latter
values and those estimated graphically from the power law relationshlps
(Figures 9-11) may be fortuitous.”
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5.4 CAPILLARY VISCOMETER TECHNIQUE

A comparison of the results obtained for the viscosity as a function
of shear rate for the three retardants using the Model MV Haake Rotoviscometer
is shown in Figure 13. Since the shear rate range encompassed by this instru-
ment is lower than that possibly encountered during aerodynamic breakup,
independent measurements of viscosity over a more extended shear rate range
and of fluid elasticity were conducted under subcontract by the U. S. &rmy
Edgewood Arsenal. These measurements were made without knowledge of the
results obtained with the Rotoviscometer,

The Edgewood Arsenal viscometer is a high pressure capillary tube
viscometer that was designed and constructed in-house. It iz similar to that
described in references 34, 353, 53, where the theory of operation - including
fluld elasticity determination - is also discussed. Additional discussion is
given in references 33 and 54.

The high pressure captllary tube viscometer is a gas pressure-operated
apparatus consisting of a stainless steel capillary tube mounted between two
filled reservoirs containing the test fluid, The fluid is pushed alternatively
from one chamber to the other, and measurements are made either of volume
flow as a function of time or of time as a function of volume flow. The slope:
of the volume flow versus time curve during steady flow must be determined
very accurately for reduction of the data, and an 1108 computer was used to
determine the slope by least squares.

A series of capillary tubes with different diameters was used in the
studies in order to help vary the shear rate. Fach tube with measured length L
had previously been calibrated with Newtonian liquids with known viscosity
to obtain the effective (hydrodynamic) radius R of the tube-including the
couette entrance effect. The reduction of the data also included the standard
correction for flow kinetic energy. The shear stress, P_,, at the capillary

XY

wall is then given by

Pyy = KpPo (64)

where Kp = R/2L, which is known for each capillary tube, and P, is the corrected

{for kinetic energy) pressure drop across the tube, The shear rate, $ , at the
wall is given approximately by*
8= Kg (65)
o
where K4 = 4/‘n'R3, which i{s known for each capillary tube, and a is the slope

of the volume flow versus time cwwve. The viscosity 7 at shear rate S and

*A more rigorous equation is discussed in reference 35.

S0



shear stress ny is then given by

N = Pyy/S (66)

If the flowing fluids exhibits elastic properties, then corrections must
also be made for the elastic energy, and these corrections serve to define the
elastic properties of the fluid. The elastic energy is imparted to the accelerated
liquid at the entrance of the capillary, stored as elastic potential energy during
stationary flow, and is then carried out of the capillary by the flowing liquid.
The effect of elastic energy on the flow is given by the equation

[2L 4 254 5] (67

P, =P R

c XyeC

where Pxyc is the corrected shear stress at the wall taking into account both
the elastic energy and end effect, n is the couette (end) correction, and s is
the recoverable shear and is related to the normal elastic stress and the
stress relaxation time by Eq. (31). The value of (Zn + s) in the bracketed
term is obtained by plotting I:‘c as a function of L/R at constant shear rate

and determining the abscissa value of L/R, {.e., the value of L/R for P_ = O.

The value of 2n is small compared to s and can usually be neglected, especially
since the Newtonian end correction is already included in obtaining R, and L.
is always much greater than R. Then*

(68)
In order to hold shear rate constant, the elastic properties are determined
usging capillaries of different lengths but with the same radius,
5.5 EXPERIMENTAL RESULTS AND DISCUSSION

The three fire retardant solutions studied were prepared in &8 manner
consistent with that used for the Rotoviscometer studies. All three formula-~
" tions were prepared and observed for a period of time before experimental work

wasg initiated with the high pressure capillary viscometer.

5.5.1 Phos-Chek XA Solution

The viscosity of this formulation was investigated as a function of
shear rate at three temperature, 109, 259, and 50° C. In addition flui
elasticity was determined as a function of shear rate at 25° C. :

*A more rigorous eguation is discussed inreference 54.
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5.5,1.1 Viscosity Behavior

The viscosity is determined using capillaries with very large LR - -
ratios so that n and s are completely negligible. Figure 17 shows the resulting
experimental data obtained for the viscosity as a function of shear rate at 25° C,
This data was obtained using a single prepared solution of the Phos-Chek
retardant. It was observed that the formulation performed as a homogeneous
material when It was evaluated in the high pressure capillary viscometer.
Steady flow rates were observed under all experimental test conditions with
all capillaries. There was no evidence of any interference of flow by any solid
particles or forelgn material or by heterogeneity. Small particles and foreign
material in solutions usually demonstrate their presence in test solutions by
causing irregular flow or stoppage of flow in the small diameter capillaries.

In fact, in some cases test solutions are filtered to permit conduct of these
viscosity determinations. An interesting observation noted was that Phos-Chek
solutions become heterogeneous approximately three to four days after they have
been prepared as demonstrated by the fact that steady flow rates cannot then be
obtained in the high pressure capillary viscometer.

The viscosity was determined over a range of five decades of shear
rate, the extent of the test equipment. the viscosity decreases from about
10 poise at 10 sec™! shear rate to about 0.06 poise at 106 sec™! shear rate at
250 C. A comparison of the data curve given in Figure 17 with that obtained
with the Rotoviscometer (Figure 10) shows quite good agreement over most of
the shear rate range common to both instruments (10! - 103 sec~1), The very
small difference in the two sets of data is probably not generally statistically
significant in view of the experimental scatter in the data and that different
test samples were involved (e.g., see Figure 7). However, in the low shear
rate range of 10 to 30 sec™! where the viscosily measured by the Rotoviscometer
is greater than that measured by the HP capillary (e.g., 50% greater at 10 sec—1)
the difference is probably significant, and the Rotoviscometer data appears
most valid in this range since this data is supported by the Brookfield visco-
meter measurements,

The general agreement between the viscosity data obtained for Phos—
Chek by the two viscometer measurements is of some interest since the two
techniques differ appreciably in certain ways. Generally speaking the experi-
mental scatter in the data is less for the Rotoviscometer than for the high
pressure capillary viscometer and the data is much easier to obtain by the
Rotoviscometer, However the high pressure capillary viscometer can attain
much higher shear rates than can the Rotoviscometer,

The viscosity of Phos-Chek XA was also determined at 10° and 50° C.
A different (second) prepared solution was used in these measurements than in
the 259 C measurements. Curves describing the test results together with the
curve obtained at 25° C are given in Figure 18, It will be observed that the
viscosity data obtained at 10° C lie above that obtained at 25° C - as expected-
but that the data obtained at 50° C lie above the 10° C data rather than below
the 259 C data. Thereason for this latter behavior is not known. Edgewood
speculated that since the Phos-Chek is not a simple solution, the combination
of increased temperature and shear rate may possibly impose a dominant effect
on the polymer and not on the remaining ingredieats, and that the reason the
10° C viscosity data was above the 25° C data was then due to sample differ-
ences, However the tempem@ture effect found using the Rotoviscometer was
normal, i,e., the 20° C data was below the 30° C data (Figure 10)., Also the

10° C data obtained using the high pressure capillary viscometer is below the
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20°C data obtalned using the Rotoviscometer, as would be expected. It would
therefore appear that the 50°C data obtained with the capillary viscometer is -
either m error for some unknown reason, or else that at some temperature greater
than 30°C the temperature effect reverses for some unknown reason. This latter
possibility could be checked using the Rotoviscometer.

5.5.1.2 Elasticity Behavior

The elasticity of the Phos-Chek formulation was determined at 25°C in
conjunction with the viscosity studies at that temperature (the same solution
was used). Figure 19 illustrates the type of data used to estimate the elasticity
based on Eq.67. Figure 20shows the resultant elasticity properties as computed
using Eq.(68), and expressed in terms of recoverable shear as a function of shear
rate. The recoverable shear is related to the normal elastic stress and the stress
relaxation time by Eq. (30) . It 1s evident that Phos—-Chek possesses
significant elasticity during rapid shear, and this elasticity should act
as a stabilizing force during the aerodynamic breakup of the liquid-particularly
with regards to surface erosion-as discussed previously. The recoverable shear
ncreas?s with increase in shear rate, with a leveling off at approximately
10 sec™ " and a potential complete leveling off at 10° gec~1

5.5.2 Fire-Trol Solutions

Studies were also conducted to measure the viscosity of the Fire Trol
formulations as a function of shear rate at 25°C. It was found that the Fire-Trol
formulations were very difficult to work with in the high pressure capillary
viscometer, due primarily to the fact that they tended to undergo channeling
during their evaluation. Channeling is evidenced by blow-through of the
driving gas through the solution when significant amounts of solution are still
in the test chamber. It occurs for solutions or conditions in which the effective
flow viscosity is very small, and often Ior heterogeneous systems. No elasticity
measurements were made on the Fire-Trol sclutions, but on a physical basis
these solutions should not possess any significant elastic properties.

Figure 21shows the experimental viscosity data obtained for Fire-Trol
100.  The viscosity was determined over a shear rate range of about 1 to 2000
sec™!, 1t was not possible to obtain experimental data beyond this limit. The
data differ somewhat from that obtained using the Rotoviscometer, and thisg
discrepancy will be discussed shortly.

Figure 22 shows the experimental viscosity data obtained for Fire-Trol
931. This solution demonstrated the most rapid settling characteristics of the
three retardants, and to insure valid test results the container holding this
solution was agitated between each test run. It was only possible to obtain
data over about 1.5 decades of shear rate for this solution, It will be noted
that there is appreciable scatter in the data obtained at the lower shear rates
(2000*6000860_1) using the high pressure capillary technique. An extrap?lation
of the data obtained with the Rotoviscometer in the shear rate range of 10+ - 193
sec "1 to the higher shear rates achieved with the high pressure capillary viscometer
is also shown,
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Figure 20, Reco%erable Shear of Phos-Chek XA as a Function of Shear Rate
at 25°C. (From pressure vs L/R plots).
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Figure 22,Viscosity Versus Shear Rate for Fire-Trol 931 at 25°C from
High Pressure Capillary Viscometer Experiments.
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5.9.3 Comparison of Data

Figure 23 shows a comparison of the experimental apparent viscosity
data obtained for the fire retardants at 25°C using the Rotoviscometer and high
pressure (HP) capillary tube techniques. As noted earlier the data obtained by
the two different techniques for Phos~Chek XA is in good agreement over most of
the shear rate range common to both techniques. There seems little doubt that
the data curve given in this figure is a good representation of the viscosity
behavior of Phos-Chek. Changes in temperature will alter this curve slightly,
as may also changes in solution preparation as was discussed previcusly. At
low shear rates the Rotoviscometer data should be used.

The data curve obtained for Fire-Trol 100 by the Rotoviscometer tech-
nique lies a little below that obtained by the HP capillary viscometer. It is not
known whether this difference is real since different solutions were used in
obtaining the data. In any event the difference is not very large and hence
not of much significance. The important result found by both techniques is that
the viscosity of this formulation decreases more rapidly than that of Phos-Chek
and hence is lower at large shear rates. The slopes of the two viscosity curves
of Fire-Trol using the two different measuring techniques are about the same,
but since they are displaced from one another they cross the Phos-Chek curve
at different shear rates.

The viscosity data obtained for Fire-Trol 931 by the two different
techniques was over different shear rate ranges, and it can be seen that there -
appears to be some inconsistency in the data curves obtained, Nevertheless
if the lowest viscosity data points obtained between 2(103) and 2(104) sec™!
shear rate by the HP capillary technique (shown in Figure 22} are assumed to be
valid, it is possible to join the data points obtained by the two different tech-
niques by a smooth curve extrapolation, as shown in the figure, This procedure
appears valid since there was wide scatter between the few points obtained in
this shear rate range. Edgewood also believes this procedure and the results
obtained to be valid since they experienced many difficulties in obtaining this
data. They believe the asymptotic values to be carect however, and this is
consistent with an extrapolation of the data obtained by the Rotoviscometer,

5.6 EFFECTIVE VISCOSITY OF FIRE RETARDANT SOLUTIONS

The scolution of the breakup equations for the various ligquid retardants
requires a knowledge of the effective viscosity, Nes Of the retardants as a
function of shear rate, S. For Newtonian liquids the effective viscosity is
merely the normal viscosity, which is constant and independent of shear rate.
For non-Newtonian, non-elastic liquids such as Fire-Trol 100 and 931, the
effective viscosity is merely the viscosity - which is a function of shear rate.
Clay-thickened liquids are usually both non-elastic and non~Newtonian in
behavior. For non-Newtonian, elastic liquids, such as Phos-Chek XA, the
effective viscosity is given by 7, = 7 (1 + s}, where n is the non-Newtonian
viscosity and s is the recoverable shear of the liquid. The recoverable shear
is @ measure of the elasticity of the liquid, and bothn and s are functions of
shear rate. Gum thickened liquids are usually both non-Newtonian and elastic
in behavior.
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The effective viscosity of the various fire retardants were previously.
determined experimentally, and will be summarized analytically here. The
effective viscosity of Phos-Chek XA in the shear rate range of 10 to 2(105) sec~1

is shown in Figure 24, A reasonably good empirical analytical expression of this
curve is

n, = - 51.24 + 234.7 log § - 291.5 (log §)°
+161.4 (log S)° - 44.47 {log §)* (69)
+5.979 (log §)° - 0.3131 (log 8)°

where ne is in poise, S is in sec_l, and log is common logarithm. Below 10

sec:wl the effective viscosity curve is the same as the non-Newtonian viscosity
curve, This low shear rate range is that experienced by the liquid during its
deformation prior to breakup by Taylor instabilities. Consequently the viscosity
in the range of 1 to 18 sec™! is given by a separate equation which is designated
as the deformation viscosity, nd . which for Phos~-Chek XA is

. -0.602
ny =608, (70)

For Fire-Trol 100 the viscosity curve obtained by the roto-viscometer
is assumed to be most valid. The data were extrapcolated in a manner that the
viscosity becomes constant (0.045 poise~independant of shear rate) for shear
rates greater than about 6(104) sec~l, The equation for effective viscosity
between 10 and 6{104) sec-1 is

log 7, = 2.033 - 0.5089 log §

‘9 ‘3 (71)
~0.2292 (log S)° + 0.03937 (log 8)
while that between 1 and 10 sec™l is
Mg = 184 sd'0'746 (72)

For Fire-Trol 931 the effective viscosity is constant (0.031 poise) above
2{10%) sec~!. Between 10 and 2 {104) sec-1 the equation is

log N = 0.9574-0.7583 log S -~ 0.0558 {log S)2

)3

(73)
+ 0.02315 {log 8
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while that between 1 and 10 sec:_l is

ny = 108,078 (74)

5.7 SURFACE TENSION MEASUREMENTS

Measuwrements of the surface tension of the three fire retardant
solutions at ambient temperature were made using a Fisher Surface Tensio-
meter, Model 120, which includes a du Noty torsion balance and a platinum-
iridium ring. Conventional procedures described in reference 55 were followed
in making these measurements, The fire retardant solutions were prepared as
before, according to Forest Service specifications.

The surface tension of the commercial distilled water used in the fire
retardant mixtures was determined to be 73.7 dyne/cm at 22.5°% C. This
experimental value is slightly higher, by 1.8%, than the interpolated literature
valued6 of 72.4 dyne/cm. The inverted ratio of these two values was used to
correct {reduce) the surface tension measurements made on the retardants.
These cotrected values are shown in Table II. Some difficulty was encountered

TABLE II. CORRECTED* SURFACE TENSION ESTIMATES

Fire Retardant Temperature Surface Tension
Solution (CC) {dyne/cm)
Phos-Chek XA 22 46,3 %+ 0.1
Flre-Trol 100 24 92. + 2.
Fire-Trol 931 25 80,0+ 0.5

*Relative to Water

with Fire-Trol 100. Because of the high viscosity of this solution, the instru-
ment could not be zeroed, and the apparent surface tension was found to be
close to the upper detection limit, At the upper force limit the distended film
between the ring and retardant surface takes & considerable time period
(minutes) to break away from the surface, and it is therefore possible that the
composition of the film changed with time and was significantly different from
the bulk composition.
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Good agreement was found between the surface tension obtained for
Fire-Trol 931 and the values reported by Van Meter®7 for solutions of Poly-N, .
10-34~0 concentrate ~ the main additive ingredient of Fire-Trol 931, However
the values obtained for Phos~-Chek XA and Fire-Trol 100 differ from those
reported by Van Meter. The lower reading obtained for Phos-Chek XA may be
due to the presence of a surfactant in the composition of the dry retardant
material mixture that was apparently not present in the material {Phos-Chek
202XA) used by Van Meter whom obtained a value of 67-71 dynes/cm,

5.8 EFFECT OF RETARDANT CONCENTRATION ON RHEOLOGICAL
PROPERTIES

In addition to the studies conducted on the normal fire retardant
solutions used in actual practice, experiments were also conducted for the
purpose of estimating the effects of concentration variations on the rheological
and physical properties of Phos-Chek XA. This can possibly be an important
factor on the wetting out process, since under suitable conditions it is
expected that significant water loss from the retardant particles can occur
during particle settling.

The fire retardant solutions were prepared in a blender as before,
Various amounts of Phos-Chek XA were mixed in distilled water., Nominal
mixtures of 200, 150, 100, 75, 50 and 25 percent of the conventional mixture
were prepared. That is, the conventional or 100 percent mixture consisted of
68.4 grams powdered Phos-Chek XA per 500 m{ water. The amounts of Phos-
Chek XA added per 500 m{ water for the 200, 1530, 75, S0 and 235 percent
mixtures were, respectively 136.8, 102.6, 51.3, 34.2, and 17.1 grams. FEach
formulation was mixed for 0.5 min, at the lowest blender speed and then for
2.5 min. at the highest speed.

5.8.1 Effect on Viscosity and Yield Stress

The experimental results obtained for Phos-Chek - corrected for
non-Newionian behavior - are shown in Figures 25 and 26, In Figure 25 there
are shown the corrected viscosity versus corrected shear rate data, and in
Figure 26 there are shown the data of shear stress versus corrected shear rate.
Problems were encountered in measuring the shear stress of the "25 percent"
Phos-Chek mixture with the MV rotors because of the relatively high fluidity
of this mixture {similar problems have been encountered with Fire-Trol 931 (1C).
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Figure 25, Corrected Viscoslty of Phos-Chek XA as a Function of Dry
Product Concentration and Shear Rate.
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Each of the mixtures studied appear to obey a power law relationship
between shear stress (and viscosity) and shear rate, i.e.,

J = k,- én (75)

o/6= kg1 (76)

n

Evidences of yield shear stress were obtained from the shear stress versus shear
rate data shown in Figure 26 . At the point along these curves where a departure
from linearity occurs it is assumed that plug flow occurs between the rotating
bob and the stationary cup. In the regions of "plug flow" the shear stress on
the fluid falls below the yield stress and in that part of the gap close to the cup
wall where the yield value is not exceeded there exists a non-moving body of
material, while across the remaining gap the same material exhibits laminar flow
in the region where the stress exceeds the yield value,

The approximate yield stresses estimated for these mixtures are listed in
Table III . The vield stresses estimated are reported as upper limits since the
exact location between the rotor and stationary cup where plug flow occurs, in
each case, is not measured. The yield stress is taken as the measured shear -
stress at the rotor which is the largest stress within the gap.

TABLE III. ESTIMATED YIELD STRESSES FOR PHOS-C HEK XA
MIXTURES IN WATER

Nominal Concentration Retardant Weight Estimated Upper Limit
of Phos Chek XA in per Water Volume of Yield Stress
Water
{percent)* (grams/cm‘?)m (dynes}/cmz)
50 0.068 38
75 0.103 121
100 0.137 187
150 0.205 320
200 0.274 486
*percent of conventional mixture

The very slgnificant effect on {ire retardant concentration on retardant
fluidity could be an important factor in the lateral spreading and drop stability
during impact. Gross alterations inretardant concentration and hence viscosity
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and yield stress can be expected within the time period between dissemination and
ground (or fuel) impact under fire conditions. The intense thermal environment of
a forest fire can cause evaporative losses of water resulting in ground disposi-
tions of retardant which are higher in solid content and thus more viscous. These
evaporative losses probably do not occur at rates competitive with the aerodynamic
breakup and therefore can be ignored in the liquid breakup estimates. Additional
work however should be directed, in the future, to considerations of the vapori-
zation kinetics and the impact behavior of the retardant as a function of concen-
tration.

5.8.2 Effect on Surface Tension

Additional surface tension measurements were made on Phos~-Chek XA
mixtures for purposes of determining the effect of retardant concentration. The
method employed to measure surface tension was previously described.

The results of these measurements are summarized in Table IV where it
is shown that the surface tension of aqueous suspensions of Phos-Chek XA is
independent of Phos~Chek concentration. The mean surface tension of concen-
trations between "25" and "200" percent ig estimated to be 44,2 3 2.2 ergs/cmz.
This observed invariance of surface tension with retardant concentration is in
agreement with similar observations made by Van Meter >,

TABLE IV. SURFACE TENSION OF PHOS~C HEK XA-WATER
MIXTURES AT 20°C

Nominal Concentration Retardant Welght Surface Tension
of Phos-Chek XA in Water per Water Volume
(percent)* (grams/cm3) (ergs /cm?)
Q** 0.0 71.2
25 0.034 44.8
50 0.068 44,1
75 0.103 41.7
1060 0.137 42,0
150 0.205 45,2
200 0.274 47.5
* percent of conventional mixture
*#* distilled water

It can therefore be hypothesized that, for the case of Phos-Chek XA
mixtures in water, the surface restoring forces of the suspensions which oppose
liquid deformation and fracture under aerodynamic and impact forces do not vary
with Phos-Chek XA concentration. However, there is a very significant increase
in apparent viscosity and yleld stress with Phos-Chek XA concentration and these
properties should affect differences in liquid instability. -
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6. SHOCK TUBE STUDIES

6.1 INTRODUCTION

In an earlier section of this report a summary was presented of the
present knowledge and understanding of the aerodynamic breakup of liquids.
It was shown that almost all previous experimental data has been obtained on -
Newtonian liquids, and the theoretical studies that have previously been
conducted to describe breakup rate and droplet size in terms of the wind velo-
city and fluid properties have also been concerned with Newtonian liquids.,
Theoretical equations based on simplified models were consequently developed
for describing the breakup of non-Newtonian liquids, since fire retardants of
current interest are non-Newtonian in nature. The evaluation of these equations
requires information on the viscosity as a function of shear rate, and the fluid
elasticity of the liquids. Experimentaldata of this nature was obtained durmg
the current program tor the three fire retardants under study.

In order to check the analytical models experimentally and refine
them if necessary so that they will have reasonable predictive capability, as
well as possibly obtain further qualitative information regarding the breakup of
fire retardants that may be useful for correlation purposes, it is necessary to
obtain experimental information on the breakup of liquid retardants under con-
trolled conditions. Consequently experimental studies have been con-
ducted toward this end, and this report describes the resuits of these studies
using two different techniques. In the first of these techniques ~ to be dis-
cussed in this section - a shock tube was used o produce a steady high velocily
air flow over a liguid drop, and high speed photographic techniques were used
to observe the breakup characteristics and breakup times of the drops., In
later studies measurement of the droplet sizes produced by the breakup was
subjected to preliminary study.

6.2 DESIGN OF THE SHOCK TUBE

The shock tube used for the studies was modified from a pre-
existing one, and was redesigned especially for this program. It consists
basically of two pieces of pipe (one closed at one end) which are separated by
a diaphragm that can be opened {ruptured) within a very short time. The pipe
with the closed end, called the compression chamber, contains air at a pres-
sure higher than that in the other pipe, called the expansion chamber, which
is open to the ambilent atmosphere. When the diaphragm is ruptured a shock
wave propagates into the expansion chamber, followed by a region of constant
flow that lasts for a time dependent on the position of the shock and the lengths
of the pressure and expansion chambers. The lengths of the two pipes com=-
prising the shock tube used in the present experimental program were chosen to
give a constant flow time in the test section of about 15 milliseconds.

A drawing of the shock tube is given in Figure 27, The shock tube
is composed of:

a. The compression chamber -~ which consists of a 9 ft, long piece.

of 4 inch-ID steel pipe with a cap and air inlet on one end and
a bolt flange on the other end.
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b. A diaphragm fixture - which consists of two plastic rings that .
hold the Mylar diaphragm between them. One of the plastic
rings has electrodes through it which connects to the 3-mil
exploding wire that cuts through the Mylar to open the dia-
phragms, The plastic rings are drilled to permit bolts from the
flanges on either side to pass through.

c. A test section ~ which is composed of a length of 4 inch-iD
steel pipe for shock formation, which is connected to a trans-
parent plexiglas observation tube that is flanged at the end,

d. The remainder of the shock tube - which is 4 inch-ID steel
pipe, which gives a total expansion chamber length of about
15% feet. ‘

6.2.1 . Shock Tube Instrumentation and Operation

The instrumentation for the shock tube was assembled to satisfy
several objectives: '

a. to obtain high speed photographic coverage of the behavior of
the liquid drop in the air flow,

b. to detect the presence of a generated liguid drop at the desired
position in the viewing area and produce a signal to trigger
other instrumentation,

c. to produce a high intensity illumination for the photographic
sequences, and '

d. to provide a measurement of the flow field behind the shock.

A schematic of the instrumentation is shown in Figure 28, The
operation is as follows, When a liquid drop is introduced into the observation
portion of the test section (see crosssection "A" in Figure 27) it falls freely
under gravitational forces toward the center of the tube. When it reaches the
center of the tube it occludes a beam of light focused at the center of the tube
and reduces the light reaching the photocell on the opposite side of the tube
from the light source. The phototube (type 1P39) is connected to a Beckman
Whitley Model 357 Electronic Flash Unit. The flash unit senses the drop in
illumination and provides a power pulse to a flash lamp. The unit will supply
single square pulses with the following durations and peak light output.
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PULSE DURATION PEAK BEAM OUTPUT

{milliseconds) (candle power)
8.60 108
11. 15 6.5x10°
14.85 3.2510°
22.35 1.5x10°

The flash unit also provides a pulse to trigger an oscilloscope and a high
voltage fire pulse unit, When the high voltage fire pulse unit is triggered, it
permits the discharge of an 8 uf capacitor charged to 1.5KV through a 25-30 a,
3 mil Nichrome wire between the two 1 mil-thick Mylar diaphragms. The wire
is arranged so that when it bursts and cuts through the diaphragms, it cuts
out 4 inch-diameter circles except for a 1 inch-length of the circumference
where the cut out circles remain attached to the rest of the Mylar sheet be-
tween the two flat rings of the diaphragm fixture, When the diaphragms are
cut, the pressure in the pressure chamber causes them to flap open and the
gas rushes down the expansion chamber, Within a travel distance equal to a
few tube diameters, at the most, the flow forms into a shock wave followed by
a region of nearly constant flow,

‘When the shock and flow behind the shock passes the pressure
transducer located just before the beginning of the observation tube, the
pressure in the flow causes the pressure transducer (Kistler Mod. 6014) to
send a signal to a charge amplifier (Kistler Mod,503) which produces a slgnal
that is recorded on the oscilloscope, illustrated in Figure 28, When the shock
wave reaches the liquid drop, the flow behind the shock reacts on the drop to
accelerate it in the direction of the air stream and to also cause whatever drop
deformation and breakup that is appropriate to the conditions. This is recorded
with a Beckman Whitley Mod. 326 Dynafax Camera.

The Dynafax Camera ls a continuous-writing framing camera, .
capable of framing rates of from 200 to 26,000 frames/sec with shutter speeds
of 1.0, 2.5 or 5.0 psec at maximum framing rate. This camera has a picture
capacity of 224 frames of standard 16mm frame size on a 33-7/8~in. length of
35mm film. The total writing time available varies from 1.12 sec at 200
frames/sec to 8.62 ms at 26,000 frames/sec, Camera speed controlled by a
variac in the camera base, and the framing rate is indicated by monitoring the
frequency of an ac-voltage output from the camera with an EPUT counter. The
frequency of the ac voltage is equal to the speed of the rotating mirror in the
camera, and is directly related to the framing rate.

A Wollensak Raptar £/2.8, 3~in. Telephoto lens was used for all of
the tests., Various lens-extension lengths were required to obtain the desired
magnification and field of view,

6.2.2 Calculation of Wind Velocity

The studies were conducted by subjecting a liguid drop to the wind
velocity present in the constant flow region, behind the shock, which hada
duration of 15 millisec, The wind velocity was calculated from the pressure, P,
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of the constant flow region as recorded on the oscilloscope., If the pressure of
the ambient air in front of the shock (and around the pressure transducer) is- -
Po' the absolute pressure, P1 of the shock is

P, =P + P (77)

The pressure ratio across the shock front is

- 78
Pig = P1/P, (78)

10

The equations describing shock wave propagation gives the flow velocity, u,
behind the shock front as

P.. -1
0 = ao( 10 ) 73 (79)

yBP,, +1) ]

a_‘)/+1; B=Z_‘__.l.. (80)

where ag is the ambient sound velocity of the unshocked gas and ¥ is the
adiabatic exponent of the gas. A graph of the wind velocity as a function of
gas pressure is given in Figure 30 for air (y = 1.4, ag = 1135 ft/sec).

6.3 EXPERIMENTAL RESULTS

The experimental data obtained from the shock tube experiments
consists of the observed deformation history and breakup behavior (including
breakup time) of the liquid drops studied, as recorded by the camera for the
particular wind velocity in the constant flow region behind the shock front.
Typical frame sequences of the actual tests are givenin Figures 31-33 for
water, Phos-Chek XA, Fire-Trol 100 and Fire-Trol 931 at three different wind
velocities each. The drop size (diameter) used in these studies was approxi-
mately 2 to 4 mm. The drops were generated by an ordinary eyedropper mounted
in the wall of the test section. However the resulting drops were not uniformly
the same size or even usually spherical in shape. Part of the reason for the
non-uniformity was the fact that the eye dropper was squeezed remotely and
thus it was difficult to maintain good control over the drop as it was forming
at the end of the eye dropper. The drops were generally somewhat ellipsoid
in shape except for the Phos-Chek drops. The Phos-Chek drops, as can be
seen from the mounted framing sequences, came off the end of the eye dropper
with a tear drop shape ending with a long filament back toward the tip of the
eye dropper., This fil ament reacted with the air stream much faster than the
bulk of the drop, due presumably to its lighter mass. The breakup analysis of
Phos-Chek was based on the effects of the end of the drop cpposite to the end
with the filament. '
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In the initial studies, of which the breakup sequence obtained from
some of the experiments is shown in Figures 31- 33 the magnification and camera
speed used were such as to give sufficiently good pictures that the details of
the deformation and initial breakup could be clearly observed while simultan-
eously allowing a good portion of the total breakup process to also be recorded.
Later experiments in which longer time pericds were observed {up to ~ 15 msec)
resulted in smaller pictures of the breaking drops since a larger field of view
was required, In the initial experiments the initial time at which the shock
interacted with the drop was estimated by the first sign of flattening of the
drop, as has been used in the past. This resulted in some uncertainty in some
cases however, since the drops were not usually initially spherical. In later
studies (the framing sequences are not given in the figures) a small piece of
foil was mounted in the test section near the drop location, which enabled the
interaction time of the shock with the drop to be clearly established.

6.3.1 General Behavior of Drop Deformation and Breakup

The general behavior of the liquid drops when subjected to wind flow
of known velocity was obtained from the positive prints of the framing sequences.
The framing sequences used included those given in Figures 31-33 plus a comp-
arable number obtained at faster camera speeds (0.111 and 0.051 msec/frame)
and in some cases longer observation times (up to 15 msec). Three wind

velocity ranges were used in the studies, viz, 85-95 ft/sec (50-56 knots},
124-155 ft/sec (74-92 knots), and 276-288 ft/sec (164-171 knots). These will

be referred to, respectively, as low, medium and high velocity.

Briefly, subsequent to the interaction of the wind flow at any velocity
with a drop, the drop begins to undergo deformation (flattening)., After a finite
time delay the deforming drop beging to undergo breakup, and the breakup
mechanism involved depends on wind velocity and the liquid involved., In
general the liquids water, Phos~Chek XA, and Fire-Trol 100 undergo stripping
(surface erosion) breakup at medium and high velocities, while Fire-Trol 931
undergoes stripping breakup at all the velocities. At the low velocity, water
and Fire-Trol 100 undergo bag breakup. Generally speaking, the overall
hehavior of the breakup process for the three fire retardants for the preceding
cases for both bag and stripping breakup is roughly similar (but retarded timewise)
to that of conventional liquids (with the possible exception of Phos-Chek XA
at the medium velocity), The breakup times of the liquids do differ however, at
the same velocity, and this is due to differences in liquid properties. The
effective viscosity of the fire retardant liquids during breakup are less than the
Brookfield values, since otherwise breakup would not occur in the observed time
periods.

The behavior of Phos-Chek XA at the low wind velocity, however, differs
significantly from that of the other liquids, As mentioned previously the drops
produced hy the eye dropper contained a filament at one end, and during the
interaction of the drop with the air flow this filament tends to become elongated
but does not break. During the interaction also, the drop eventually deforms
to produce a bag, However instead of bursting to give many small droplets as
occurs by conventional bag breakup, the bag formed in the Phos-Chek drops
apparently would develop a small hole and then slowly deflate, while ancther
bag would form at another place on the deformed drop. In one sequence during
the time the drop was in the camera viewing area, as many as three successive
bags would form and slowly deflate without breaking into droplets,
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TIME
(msec)

WATER FIRETROL 931 FIRETROL 100 PHOBCHEK .

0.00

0.90

1.79

3.58

Figure 31. Selected Frames From Photographic Sequences of the Aercdynamic:
Breakup of 2 - 5 mm Drops of Various Liguid Retardants. Average’
Wind Velosity is 89 ft/sec. ' : '
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Pigure 31, Continued.



TIME WATER FIRETROL 931 FIRETROL 100 PHOSCHEK
{msec)

0.00

0.67

1.35

2.02

2.70

Figure 32, Selected Frames From Photographic Sequences of the Aerodynamic
1w

Breakup of 2 - 3 mun Drops of Various Liguid Retardants, Average
Wind Velocity is 146 ft/sec,
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Figure 32, Continues



TIME WALER FIRETROL @31 FIRETROL 100 PHOSCHEK
{msec)

0,00

0.23

0.45

0.68

0.90

Figure 33. Sclected Frames From Photographic Beguences lof the Aercdynamic
Breakup of 2 - 5 mm Drops of Various Liguld Retardants. Average
wind Velocity is 284 ft/seq.
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Figure 33, Continued.



The Phos-Chek thus exhibits unusual stability toward breakup at the
low velocity, which may be partially carried over to the medium velocity, but
not to the high velocity., This behavior together with elongation ability of
the filaments and the non-shattering of the bag indicates that there is an in-
ternal strength component present in the deforming Phos-Chek., This should arise
because the liquid exhibits elastic behavior during deformation, which is
the case since it is a gum thickened material. Thus at low wind velocity the
elasticity may give greater stability to the liquid toward breakup, whereas at
higher velocity the shear stresses are too large for the elasticity to prevent
breakup. The studies of the elastic nature of Phos-Cnek provided further
support regarding the validity of this hypothesis.

6.3.1.1 Large Drop Studies

Several preliminary experiments were conducted using relatively large
drops (equivalent to about 1 inch diameter) of water. The drops were produced
by a push~-tube technique. The apparatus consists of a closed container of the
liquid, with an open ended tube coming out the top at an incline. Near the
bottom of the container is a movable diaphragm on which the liquid is resting.
A small rapid displacement of the diaphragm causes a large drop of liquid to
be ejected from the inclined tube, Another apparatus which was constructed to
produce large drops consisted of a container which utilized a shutter with a
hole in it at the bottom of the container. Rapid displacement of the shutter
allows a large drop of liquid to be obtazined. The size depends on the hole size
and shutter speed. Neither of these techniques produced good spherical drops.
It also did not prove possible to couple the drop forming device to the shock
tube in a manner as to keep the entry hole closed, i.e., the hole in the test
section of the shock tube through which the drop passed remained open during
the passage of the shock.

The water drops used in the studies were roughly oblong or ellipsoidal
in shape, with lengths that ranged from about 1.2 to 1.7 inches, and with
widths of about 0.5 to 0.7 inches. The interaction of the shock with the drop
produced drop deformation followed by stripping (surface erosion) breakup, as
expected. However during the surface erosion process in one of the film se-
quences it was observed that corrugations appeared in the frontal surface of
the liguid exposed to the wind flow, and breakup of the entire drop appeared to
occur shortly thereafter. It is probable that this breakup process corresponds
to Taylor instability breakup. If this is true then studies of the breakup of
large liquid drops in the shock tube could provide information regarding this
breakup mechanism. Further studies of this nature were deferred until
analysis regarding the instability wavelength expected from Taylor instability
can be conducted, since surface erosion studies using very large drops do not
appear particularly useful,

6.3.2 Breakup Time Initiation

The total breakup time of a drop is the time from the passage of the
shock front over the drop until the drop is completely broken up. The breakup
time depends on wind velocity, drop size and liguid properties - especially
effective viscosity. Some film sequences of the total breakup time of the drops
have been obtained, and more should be ohbtained in order to best estimate the
effective viscosity that conirols the hreakup, and compare it with the value



computed from theory using the experimental viscosity versus shear rate
measurements. Fluid elasticity - when it is present - can also affect the
breakup time as discussed previously.

The initial deformation of the drop preceding breakup also depends on
the effective (shear thinned) viscosity. It may be shown that water and the three
fire retardants studied have different effective viscosities during breakup initiation,
and that these viscosities are consistent with the experimental effective viscosity
versus shear rate curves, The problem can be considered from two different
considerations, both of which lead to the same result,

A wind passing over liquid requires a finite time of passage before
surface instabilities grow and surface erosion begins. This time, tm’ is glven

by Eq. (24). Thus tm represents the Initiation time for the surface erosion to

begin, and may be considered to represent the time at which the drop just starts
to break {or erode). According to Eq. (24}, t should vary inversely as v8/3,

if all other factors remain constant, where V is wind velocity. The differences
between the curves given by a plot of tm versus V-8/3 for the various liquids

should thus reflect the differences in the effects of viscosity {or elasticity) of
the liquids on the breakup initiation. Figure 34 shows a plot of some of the data
obtained on the program. It may be seen that the magnitude of the breakup
initiation times at a specified velocity decrease in the order, Phos-Chek XA,
Fire-Trol 931,Fire~Trol 100, Water. This implies that the effective viscosity
controlling breakup decreases for the liquids in approximately the same order,
Water has the smallest breakup time and smallest viscosity, as expected. The
figure shows that Phos-Chek has the largest effective viscosity, and this is
consistent with the experimental viscosity data. The flgure also appears to
indicate - at first somewhat surprisingly - that the effective viscosity of Fire-
Trol 931 during liquid breakup is greater than that of Fire~Trol 100. Howeaver this
results because the parameter beta in Eq. (24) is a function of both wind velocity
and viscosity, as will be discussed subsequently. When the value of beta is
included in the correlation, the value of tm at a specified wind velocity increases

2O, Fire~Trol 931, Fire-Trol 100 and Phos~Chek XA, and the

effective viscosity increases in the same order. The figure also shows that the
value of tm for Phos~Chek at the low wind velocity 1s very long and out of line

in the order H

with the rest of the data. This results because of the effect of fluid elasticity,
as discussed previously.

An alternative approach to the preceding viewpoint that a time tm is

required before the drop starts to break, is that the drop deformation time controls
the time at which breakup initiation should occur., In this case it can be shown
using the conventional expressions for drop breakup time (e.g., Eq. (3) that the
approximate correlating factor should be d/V, where d is drop diameter. A plot
of t  versus d/V {not given here) shows the same general behavior as Figure 33

( the curve separations are not as pronounced), from which the same conclusions
are arrived at,

6.4 CORRELATION WITH THECRY
The experimental data obtained with the shock tube for water and the

three fire retardant solutions was correlated with theory in the following manner.
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Figure 34, Experimental Time to Initiate Drop Breakup as a Function
of Inverse Wind Velocity to the 8/3 Power,



The experimental value of the time for the liquids to begin breakup at each wind
velocity was used in the theoretical expression (Eq. (24)) to computea - -
theoretical value of beta. The effective shear rate for evaluating effective
viscosity was estimated from Eq. (28) with t replacing tau in the denominator.

Likewise the experimental value of total breakup time was used with Eq. (5} to
compute beta, with the mean value of L and tau being used in that equation
and Eq. (28) being used to compute shear rate. The total breakup time data of

Morrell?2 for water was also included using Egq. (5).

It was found that the value of beta depended on liquid viscosity as
well as wind velocity. This was of some interest since previous studies have
always considered beta to be either a constant!4, or a function of wind

velocity30. The possibility that beta may depend on viscosity was, however,
speculated earlierl4, In view of these results the values of t, obtained for

large sized drops in reference 4 for water and three silicone fluids with different
viscosities was included in the correlation., A rough fit of the data gave the
following relation between beta, wind velocity {in cm/sec) and viscosity (in
poise)

2

log 8/n'/% = -0.4978-9.925 10”8 v+ 1.53 10" HvE (81

The absolute value of beta given in this equation at a specified velo=-
city differs by a small factor from that given in reference 30 where R (drop
radius) rather than d (drop diameter) was used in Eg. (5). It was found that the
computed values of beta based on d were much more consistent with the values
based on ty than were values based on R, It may be also mentioned that an
overall examination of the data subsequent to the preceding studies suggests
that the value of beta may also depend slightly on drop size. It may be difficult
to extract this dependence on the basis of available experimental data, but in
any event this would require a complete re-evaluation of the experimental data.
Further studies are in progress to evaluate the validity and usefulness of
Eg. {81).

6.5 DROPLET SIZE STUDIES

In addition to the previous breakup rate studies, it is also desirable
to obtain some measure of the droplet size distribution that characterizes the
breakup of the different retardant soluticons under various wind velocities, and
durlng the present program studies of this nature were initiated. The deter-
mination of the droplet sizes produced by the breakup of the liquid drops has
proven to be very difficult however, and it is useful to summarize some of the
reasons for this, '
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Although the breakup measurements are performed under a constant
velocity air stream, in reality the constant flow is temporary and lasts only
15 msec before it becomes nonsteady due to the arrival of rarefaction waves from
both directions. Thus although the steady flow time is sufficient to allow total
breakup of the drop (at sufficiently high wind velocities), it is not always
possible to discern the individual small droplets that are produced by the break-
up since they are still clustered together fairly closely. In the course of time,
under a steady flow condition, the individual particles would tend to separate.
and enable improved discrimination. However, since the experimental condi-
tions only give 15 msec of constant flow, the small droplets are subsequently
subjected to a varying air stream for a time period that is relatively long com-
pared to the original steady flow interval. This flow behavior leads to two
possibilities. First, if the droplet size distribution is changed by the non-
uniformities in the air stream, then any measurement or collection of the drop-
lets must take place within the steady state interval, preferably at the end.
On the other hand, if the size distribution of the droplets does not change
significantly following the steady state period, then less hurried methods can
be used in the collection and/or measurement.

6.5.1 Test Results

The first droplet collection experiments were designed under the second
posslibility since it was anticipated that this would give the simplest experi~
mental configuration. It was not assumed that elther possibility was the actual
case, but the tests for the first possibility, i.e., the necessity for collection
during the steady state period, would take longer to prepare and hence would
naturally fcllow the easier test serles.

There are several methods for obtaining droplet size distributions from
a cloud of drops initally in the alr, The simplest method is to allow the drops
to settle out on a suitable surface so that the droplets can be counted and the
droplet diameters determined. A complicating factor in the present tests was
the variable wind velocities acting during the settling period of the droplets.
Thus the velocities and even the direction of the wind was variable {due to
rarefaction effects), and no accurate prediction regarding the trajectory of the
droplets could be made. This is unfortunate in the sense that there are equa-
tions that relate the trajectory range of a droplet to its size. These cannot be
used with this type of experiment so less elegant methods must be utilized.
The experimental design chosen was to let the droplets fall on a long narrow
horizontal strip of material on the bottom of the shock tube. The droplets that
would be deposited on the strip could subsequently be examined, counted and
measured to obtaln a size distribution.

The first strip material used was white colored sheet plexiglas. The
strip was 2" wide and 1/8" thick and was fastened to the bottom of the shock
tube during a test. It was found that the resultant liquid deposits obtained on
thig material were in the form of streaks of material rather than round or nearly
round deposits. This indicated that there was an appreciable horizontal com-
ponent to the velocity vector of the droplet velocity and most likely many times
that of the vertical component, especially for the smaller droplets. It was
difficult to obtain a measure of the drop size from the streaks, and it appeared
that the length of the streaks would not be a valid measure of the droplet size
since the larger droplets fall faster and this tends to reduce the length of the
streaks, whereas the smaller drops fall slower and this increases the length
of the streaks. The width of the streaks was also variable so that this also



did not seem to be a reasonable criteria of droplet size. An additional difficulty
with this method of evaluating drop size is the fact that it would be very diffi-
cult to calibrate the residue left on the strip with respect to known droplet
size, since the known drop would have to attain a velocity vector comparable

to that of the experimental droplets and this itself may produce changes in the
drop before it hits the strip.

This difficulty is alleviated if the droplets can be made to give a cir-
cular residue., Since the plexiglas surface of the strip was very well polished,
it was then considered that a somewhat rougher surface might control the streak-
ing of the droplets. The first two materials tried were masking tape and plastic
coated adhesive tape, which were stuck to the long plexiglas strip. Both of
these materials were found to be unsuited for the test purposes. Next a more
absorbent material, ordinary adhesive tape, was used to observe the droplet
patterns. This was used for obtaining the droplet distribution for Phos—-Chek
at the three standard velocities used in the breakup tests, and the two Fire~
Trol solutions at the medium veloclity. The results showed that a large propor-
tion of the droplets still gave streaks on the horizontal tape strip. The drop-
lets were fairly well absorbed by the adhesive tape backing, however, so that
in a relatively short time, the tape could be pulled up and folded without the
danger of altering the droplet pattern. These tests gave good indications of
the general horizontal distribution of the droplets for the various fire retardants -
for the three standard velocities., However, when considering the possibility
of making actual measurements of droplet size, the adhesive tape did not give
generally other than streak residual patterns of the droplets and these could
not be reliably interpreted to obtain a droplet size.

In an effort to obtain maximum absorption of the droplet combined with
minimum slickness of the surface, a horizontal strip of white desk blotter
material was tried in a test with Fire-Trol 931 at a wind velocity of 155 feet/
sec, The results from this test gave residual drop patterns that were substan-
tially more circular than any of the other collector strips had given, but there
were still a fair proportion of short streaks. During the test, the end (toward
the open end of the expansion tube) of the strip came loose from the plastic
support strip and apparently flapped with the wind currents in the shock tube.
The residual droplet patterns left on the flapping end were almost entirely
round and were also larger and more coplous than those on the horizontal strip.
The pattern was also on »oth sides of the flapping strip., These results would
appear to indicate that the droplets move back and forth in the tube to some
extent, and that the pattern obtained from a vertical collector in the cross sec—
tion of the tube versus a horlzontal collector along the bottom of the tube are
likely to be different - with the vertical collector perhaps giving data that is
easler to interpret although it may affect the wind flow to some extent,

Additional studies were conducted along the previous lines, but
difficulties were experienced in measuring drop size~especially for the very
small droplets. However definite patterns of droplet concentration along the
horizontal distance of the shock tube could be discerned. In the last experiments
a small vertical square (1" wide x 1 1/2" high) of cardboard backed by a flat
steel support was set up about 4 ft away from the drop generator, and nearly
circular drop patterns were obtained on the square. Although the square occupled
a small fraction of the shock area, the drop patterns represented a large fraction
of the material caught on both the small vertical and long horizontal hlotters.
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Further studies are needed to resolve the differences between the two
methods of collecting drop size data - which inspite of difficulties show some
promise. A method for determining the sizes of droplets while still in the shock
flow was considered, but not tried. This method involves taking a short
exposure flash picture of the broken-up drop down the tube from where the pres ent
framing sequences were taken. The optimum position would be determined by
the maximum separation of the small droplets formed from the original drop while
they are still in the shock flow field and not too near the tube walls. Examina-
tion of previous framing sequences have shown that towards the end of the
sequence, individual droplets are just beginning to be discernable, so the
method appears promising. '

7. CONTROLLED LIQUID INTECTION STUDIES

A potentially useful technique for injecting liquid jets and slugs into"
alr at high velocities was demonstrated during this program. This techanique
involves the use of an air gun to project a retardant filled container at con-
trolled velocities. The contalner is impacted against a cushioned plate having
a hole slightly smaller than the inner diameter of the cup. In the experiments
performed to-date approximately 30mm diameter jets were generated, However,
a widerange of jet diameters are possible by simply changing the gun barrel
diameter and fluld container.

7.1 EXPERIMENTAL THCHNIQUE

A 1.51n. (38mm) barrel was attached to one of the Shock Hydrody-
namics gas guns. Pin probes were installed at a separation distance of 76mm
at the end of the barrel and these probes attached tc an electronic counter for
purposes of timing the travel of the fluid filled cup within the 76mm flight path
up the barrel (i.e., for velocity determinations). A 1.5 in. diameter, 2 in.
long steel cup was employed as the liquid container and projectile.

The projectiles were impacted against a soft rubber cushioned steel
plate, see Figure 35, having a 30mm orifice, permitting the liquid contents of
the cup to be injected through orifice at velocities approximately twice the
impact velocity. The projectile impact and liguid jet were photographed using
a Beckman and Whitley Dynafax camera at a framing rate of 10,000 frames/sec.
The maximum writing time for each frame at this framing rate is 5.4 usec and '
the frame separation is 100 usec; however, because the l1omm frames are
staggered on a 35mm film strip the separation between adjacent frames is
200 usec. The field of view was illuminated by a Unear array of G.E. FT 18
flagh tubes.

7.2 OBSERVATIONS

Two velocity regimes were studied initially: jet velocities between
(a) 350-400 ft/sec and (b) 600-650 ft/sec. Typical photographic frames are
shown in Figure 36. In most of the photographic series, the cup containing
the fluid can be seen just before impact against the cushioned orifice followed
by jet formation and travel,
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Figure 35, Test Set-Up for Ligquid Jet Experiments,

The retardants and water all form jets of varying stabilities as indica~
ted by the general appearance of the jet, including the length that remains con-
tiguous. In general some deformation and erosion occurs at the tip of all of the
advancing jets, and behind the tip the jet exhibits various behaviors. Water
forms the least stable jet. The jet is relatively broad, and the transition be-
tween the stable portion of the jet and the disturbed portion is reasonably sharp.
The disturbed portion appears to be non-contiguous, and the jet spreads out
with Increase in velocity. Surface erosion occurs along the cylindrical surface
of the disturbed portion of the jet,

Phos-Chek XA forms the most stable jet of the three retardants and
water. The diameter of the jet at the lowest velocity is very narrow and sharp
as though the jet were stretching, and the jet has the general appearance of a
jet of a viscoelastic Hquid. This agrees with the previous evidence that Phos-
Chek XA exhibits elastic forces while undergoing acceleration, The base of the
jet broadens at the higher velocity and necks down toward the jet tip. However
the jet boundary remains sharp - indicating that no surface erosion occurs along
the cylindrical surface. Erosion and deformation do occur at the jet tip, how-~
ever, particularly at the higher velocity. The jet remains contiguous up to its
tip for both high and low velocity.

The jet formed by Fire-Trol 931 is generally narrower than that of
Fire-Trol 100, and is not as contiguous as that of FT 100 along the length of
the jet. However the FT 100 appears to underge a greater degree of breakup
near the jet tip than does FT 931. Overall it appears that the jet of FT 100 is
more stable than that of FT 931, .
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8. LIQUID BREAKUP ANALYSIS AND CORRELATION .

As discussed previously, as bulk liquid fire retardant is released from
an aircraft it simultaneously undergoes both surface stripping (erosion) and
deformation by aerodynamic (wind) forces created by the liquid moving rapidly
through the air, The deformation results in a thinning and lateral spreading of.
the liguid, After significant thinning, Taylor instabilities are induced in the
front surface of the ligquid and grow rapidly until they penetrate the liquid-
causing it to breakup into a large number of Individual particles or globs. These
particles may then undergo further breakup into smaller droplets by surface
erosion or other mechanisms (e.g., bag breakup) as they continue their fall
trajectory. '

There are thus two separate breakup mechanisms which occur during
the free fall of liquid retardant from an aircraft, l.e., Taylor instability break-
up and surface erosion. The general characteristics of these breakup processes
in conjunction with certain system parameters such as the aircraft velocity
and altitude, and the rate of liquid ejection from the alrcraft determines the
area concentration distribution of the dispersed retardant that falls on the
ground, the ground pattern {length and width) of the treated area, and the
droplet size and impaction velocity of the retardant rain,

In section 4 of this report, equations were developed for describing
both of these breakup mechanisms, while in section 5 measurements were
made of fluld viscosity and elasticity as a function of shear rate and of
surface tension, for use in the equations In section 6 measurements were
made in a shock tube of the surface erosion breakup of liquid drops of the three
fire retardants of current interest and of water, for the purpose of estimating
the values of a certaln parameter that is contained in the breakup equations.

In this section an analysis is made of the breakup of the three conven-
tional ligquid fire retardants and water subsequent to their ejection from an
alrcraft, The effects of the controlling parameters such as aircraft velocity,
tank and gating system, and the rheological properties of the fluid on the
breakup characteristics of the liquid retardant are estimated. Discussion and
correlations are also presented relating the liquid breakup and dispersion
characteristics to ground patiern. These discusslons and correlations as well
as certain parts of the breakup analysis are preliminary, however, in that
a more detalled comparison of the theory with existing experimental data
could allow further refinement of the theory and enhance its predictive capa-
bility.. '
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8.1 INITIAL BREAKUP BY TAYLOR INSTABILITY

8.1.1 Evaluation of the Breakup Equation Constants

The equations describing the Taylor instability breakup of the liquid
contain two parameters whose values must be specified in order to use the
equations for predictive purposes. One parameter 1s the drag coeificient, Cd'

contained in Eq, (35h). Swanson and Helvig4o‘4l,j_n their ”eatmigt used the
value 2,5 which was determined for small drops {n a shock tube %3,although
another study of this naturell gave a value of about 3.0, They emphasized

that the drag coeificient may not remain constant over the entire deformation
process, and may also be larger than that obtained in the shock tube with

small drops. They found it necessary to reduce the value of a certain constant
in the theoretical equation based on Bond number that they used to correlate
breakup time, in order to obtain agreement with experiment. They could have
alternatively increased the value of the drag coefficient to obtain the agreement.
It can be estimated that this would result in a very significant increase in the .
effective value of the drag coefficient above that which they used.

In order to evaluate the liquid breakup equations the value of Ai’ the

initial amplitude of the fastest growing instability, must also be known. This
can only be obtained by fitting the equations to experimental data., This

apparent shortcomé% , however, is almost always the case for problems involving
instability growth 2%, However fitting Ai by experimental data helps insure that the

model will give realistic predictions, and allows the elucidation of the important
parameters - including rheological properties - that control the initial breakup
of the liquid.

In the present studies the value of Ai was computed for several assumed

values of the drag coefficient using the breakup equations and experimental values
of the breakup time of the liguid, tb’ given by Swanson and Helvig for certain

conditions. They gave values of 1.375 sec and 1.63 sec for the CL-215 aircraft
dropping 700 gal (V = 97 knots) and 1400 gal (V = 92 knots) of Phos-Chek X321 and
1.65 sec for the B17 aircraft (2000 gal, V = 120 knots) dropping Phos-Chek 40, These
breakup times are times subsequent to the exit time of all the liguid from the tank.
They considered the retardant breakup process to consist of a release phase during
which time the liquid exits from the tank, followed by a deformation phase which
culminates in breakup. The preceding experimental breakup times correspond to
the deformation and breakup time of the liquid after the release phase is over with.

In the present studies in which the tank liquid is replaced by an equivalent
cylinder, it was considered more realistic to consider the deformation of the
liquid to begin when half of the liquid has exited the tank since the deformation of
any element of the liquid begins immediately when it is outside the tank and in
the airflow, In this case the preceding times should be increased to about 1.605,
1.86 and 2.05 sec, respectively. Actually solutions were obtained for both of the
two preceding sets of times, as well as the case where the breakup time is consid-
ered to be the sum of the total liquid release time and the preceding deformation
and breakup phase time. It was found that the most realistic drag coefficients
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for use in the equations corresponded to breakup times whose values are with
respect to the time that half of the liquid has exited the tank.

Using the breakup times evaluated relative to the time that half of the
liquid exits from the tank, i.e., 1.605, 1.86 and 2.05 sec, the breakup equations
were solved using the various parameters appropriate for Phos-Chek XA, and the
results are shown in Table V. For any assumed value of drag coefficient and
experimental breakup time there are the computed values of the other parameters.
There are various characteristics that may be seen from these solutions. It will
be noted that the average shear rate of the deforming liquid is of the order of
unity (about 2 sec~1)., The shear rate increases with increase in the assumed
value of the drag coefficient, Cd' which increases the initial lateral velocity,

Ve’ of the particles at hreakup. However the value of the instability growth
time, ti, decreases with increased Cd and this causes the deformation time, td’
to increase (for fixed breakup time, tb) . The latter resultis in a decrease in the
liquid thickness, L , at breakup, and consequently also in particle size, D, and
instability wavelength The decrease in L , with increase in Cd causes an
increase in lateral expansion ratio, R /R , and a decrease in the shear rate, Sl
of the liquid while undergoing mstablll'ey growth (Eg. 42). The value of 'qd for
Phos-Chek decreases with increase in Sd , while the value of T]l , increases

with decrease in shear rate, However these variations are due to the particular
functional relationship between eifective viscosity and shear rate for Phos-Chek,
and in the general case any variation can be obtained depending on the viscosity-
shear rate relationship.

8.1.1.1 Initial Amplitude of the Instabilities

It will be observed from the table that the computed value of the initial
amplitude of the instabilities, Ai" decreases with increase in Cd’ and also
apparently with increase in liguid load-especially at the higher values of Cd'
The seemingly large changes in Ai are somewhat misleading however, since the
value of A. is a relatively insensitive parameter in the solution of the equations.

Its value can vary widely under specified drop conditions without affecting the
computed results strongly. For example if the value of Ai of 6.63(10~ 0) given

for the first case for Cd = 3.5 in the table is used, the values of the computed

parameters are as given. If now the value is changed to the value given for the
third system, 1.e., 7.9{10717) - which is 7 orders of magnitude lower than the
first value - but used to calculate the breakup properties of the first system, it
ig found that the computed breakup time differs from the correct value by less
than 10%, and the computed particle size differs from the correct value by less
than 40%. Thus the values of the computed parameters are relatively insensitive
to several orders of magnitude change in Ai’

However, although the results are not sirongly sensitive to the values of A,
Ai does change with conditions - as indicated in the table. It was found that if
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the values of certain parameters in the breakup equations are changed over a
wide enough range without compensating changes in Ai, that a solution cannot

be obtained for the equations, i.e., Eq. (47) has no solution because there is no
minimum in the breakup time equation. This results, for example, for water-whose
viscosity is three orders of magnitude less than for Phos-Chek-if the values of Ai
deduced for Phos~Chek are used in the equations. This indicates that the value

of Ai is a function of certain parameters-particularly load size and liquid viscosity.

An inspection of Eq. (47) indicates that in order for solutions to be obtailned
the value of Ai should be made a function of A,B, T]d and Le' However the term

containing N4 is always of negligible or of small importance, and the value of
d: This indicates that the values of Ai

table can be made a function of A/B for the various values of Cd Evaluating

Le depends on the value of C given in the

and assuming that the relationship between a plot of log A and A/B is linear
gives

Ai = a exp(-bA/B) (82)

where an eye fit to the curves gives values of a of 0.576, 2.46, 2.23 and 3.32
for drag coefficients of 2,5, 3.0, 3.5 and 4.0; and corresponding values of b

of 00,0432, 0.0673, 0,1117, and 0.1758 respectively. It was found that the
values of A glven by this equatlon allows a solution of the breakup equations io
be obtained under any condition {including water), Since the computed breakup
characteristics of the liquid are relatively insensitive to the values of Ai as long

as solutions can be obtained, the use of the preceding equation should give
relatively reliable values. The value of A/B in the preceding equation is given
by
1/2

1/6 2 2
_ Py (2]’_.O + RO) P1/6
= 2. 1/3

2% nl/ (83)

wel b

It may be seen from this equation that the value of Ai depends primarily on the

load size and liquid viscosity.
8.1.1.2 Selection of Drag Coefficient

The preceding analysis gives the value of Ai for any assumed value of

Cd' The question then arises as to what value of C corresponds to a real

retardant drop. The answer to this question requires information regarding the
value of D (and the points where the liquid breaks), or L or R /R when breakup

occurs. Swanson and Helvig 1ndicated40that there was 1nd1rect (camera) evidence
that the liquid expands nearly a factor of 10 for the B17 drop before breakup, but
noted that erosion of small particles from the surface of the liquid in the air flow
masks the true location of the deforming liquid. They also made an estimate of
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the sheet thickness at breakup and obtained a value of 0.13 to 0.3 ft (3-9 cm).
This value does not appear quite compatible with an expansion ratio of 10, which
seems to imply a thinner sheet. Shock tube studies with small drops undergoing
surface erosion give an expansion ratio of about three before breakup by Taylor
instability.

Since the best value of Cd is not known at this time, for the present

purpose a value of 3.5 was used to obtain solutions whose main purpose is to
illustrate the effects of the various system and retardant parameters on the Taylor
breakup of the aerially delivered retardant. This value gilves a sheet thickness
at breakup consistent with that estimated by Swanson and Helvig, but the ex—
pansion ratio is more in line with the shock tube studies., Additional studies on
correlating the breakup of the particles with ground pattern lengths and widths

as well as any other other findings may provide additional evidence that will be
useful in determining the value of Cd that best describes the Taylor breakup of

the liquid. For the present, however, the solutions showing the effects of the
various system parameters and liquid properties have been based on a drag
coefficient of 3.5.

8.1.2 Computational Results

A variety of solutions of the breakup equations were obtained to illustrate
the effects of the various system parameters and retardant properties on the liguid
breakup characteristics. In examining these breakup characteristics several
things should be kept in mind. It will be recalled that the value of A| was cbtained
by fitting the equations to experimental breakup time data. Because of this the
computed breakup times should be relatively good (especially for viscous retardants)
and their accuracy may be essentially comparable to that of the experimental data
used in fitting the equations. Qn the other hand the absolute values of the other
paramsters depends to some extent on the value used for C4, which was 3.5 as
discussed previously. Table Villustrates the general effect of using other values
of Cq4.

It will also be recalled that the computed value of the equivalent spherical
diameter, D, of the liquld particles produced by the breakup assumes that the
liguid sheet breakup occurs at the nodal lines. If the breakup occurs instead at
the points of maximum instability displacement, the diameter would be a factor
of 1.59 greater. The computed particle diameter results from liquid breakup by
the fastest growing instability. In reality however a distribution of sizes would
be produced, and in this sense the computed diameter probably represents essen-
tially the mean value. The distribution of sizes could probably be represented
by a log probability distributicn function, with the smallest particle size being
about 2/9D and the maximum size about 9/2D. In any case it should be remem~
bered that the value of D represents the size {or mean size) of the particles pro-
duced by the Tavlor instability breakup of the liquid ejected from the aircraft.

It does not represent the final droplet size produced by the dissemination process
because many of the particles produced by Taylor breakup will undergo further.
breakup before reaching a stable size.

In the computations, note that breakup time is measured with respect to
the time for half of the liquid to be ejected from the aircraft.
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8.1.2.1 Comparison of Retardants

Table V shows the computed Taylor breakup characteristics of Phos-Chek XA
for three different conditions. It is of interest to compare these values with those
of other common retardants, and Figure 37 shows the Phos-Chek {P~XA) data in com-
parison with the computed data for Fire-Trol 100 (FT-100), Fire-Trol 931 (FT-931)
and water when dropped from the CL-215 aircraft using one or both tanks. The
liguid breakup time of Phos-Chek is significantly greater than that of the other
retardants at the larger load, and H20 1s smallest at the smaller load. Small
seemingly reversals in the order of the retardants in some cases may not be real
since the Phos-Chek data was computed by fitting to the experimental breakup
times, whereas the other retardant data was calculated using the Aj curve generated
from the Phos~Chek data. Since A; changes a large extent in going from Phos-Chek
to water, a small uncertainty in the slope of the log A versus A/B curve (discussed
previously) canresult in uncertainties of several hundreths of a second for low
viscosity liguids.

“The most interesting difference between the retardants is in the particle
size produced. The particle size is largest for Phos-Chek, then FT-100, FT-931,
and then water., The particle size of Phos~Chek is about a factor of 20 greater
than that of water. The differences in particle sizes of the retardants results
largely from the differences in their viscosities. The viscosities of Phos-Chek,
FT-100, FT-931, and H2O during breakup are about 14, 2, 0.5 and 0.1 poises,
respectively. The corresponding instability shear rate, Sl‘ are about 15, 42, 110
and 1588 sec"l, respectively.

The relative lateral extent (radius) of the deforming liquid at breakup,
Re/Rg, and the initial lateral velocity of the outer particles, Vo, are also greatest
for Phos-Chek and least for water. This appears to imply that the path width of the
disseminated liquid is greatest for Phos-Chek and least for water. However because
of droplet settling time differences due to particle size, the actual ordering is opposite.

8.1.2.2 Effect of Alrcraft Velocity

Figure 38shows the computed effect of aircraft velocity on the breakup
characteristics of Phos-Chek dropped from the CL-215 aircraft. Increase in
velocity decreases breakup time and particle size of the liquid in a significant
manner, and increases lateral lHquid veloclity. It also decreases the relative
radius of the deformed liquid but the effect is small.

8.1.2.3 Effect of Tank Length

Figure 39 shows the computed effect of tank length on the breakup character-
istics of a liquid with fixed viscosity values (essentially those of Phos~-Chek).
Increase In tank length increases both breakup time and relative radius of the
deformed liquid at breakup in a very significant manner, but has no effect on
particle size. For sufficiently long tanks the lateral liquid velocity decreases
mildly with increase in tank length,

8.1.2.4 Effect of Tank Cross Sectional Area
Figure 40 shows the computed effect of effective tank radius on the breakup

characteristics of the same liquid. Breakup time increases with increase in
radius but in a much slower manner than with the length. The particle size and
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relative lquid radius are independent of tank radius, but the absolute radius
increases since tank radius increases. The lateral liquid velocity increases in
a significant manner with increase in tank radius,

8.1.2.5 Effect of Tank Dimensions at Constant Volume

Figure 4l1shows the computed effect of varying the ratio of tank length to
radius, Ly/R,, for a fixed volume of 2000 gallons for Phos-Chek. Breakup time
increases significantly with increased L,/Ry, @s does relative liquid radius. The
particle size exhibits a small maximum, but overall is essentially independent
of Lo/Ro ratic, The most interesting effect is on lateral veloecity, which decreases
rapidly above some particular LO/RO ratio,

8.1.2.6 Effect of Deformation Viscosity

Figure 42 shows the computed effect of the viscosity of the deforming liquid
on the breakup characteristics a Uquid {(Phos-Chek, CL-215 aircraft, one tank).
This viscosity has no effect on the breakup characteristics unless it is greater
than about 100 poises (for the specified conditions}, above which value breakup
time and particle size increase with increased viscosity, and relative liquid radius
and lateral velocity decrease. The deformation viscosity of Phos-Chek, FT-100,
FT-931 and water are about 37, 100, 5, and 0.01 poise, respectively. It there~
fore does not have any significant effect on the breakup characteristics of any
of these retardants. On the other hand it could have significant effect on a
suitably thickened or dilatant fluld. The average shear rate during deformation
for any fluid under aircraft velocities of interest (75-150 knots) ranges from about
1to 4 sec~l. This value is lower than the Brookfield value (about 12 sec“l), and
hence the liquid viscosity should be measured in the low shear rate range to obtain
information relevant to the deformation process.

8.1.2.7 Effect of Liquid Instability Viscosity

Figure 43shows the computed effect of the viscosity,n), of the liquid during
instability growth on the breakup characteristics of a liquid (CL-215 aircraft, one
tank). Breakup time increases with increase in viscosity but the effect is rela~
tively small. On the other hand particle size increases very significantly with
increase in viscosity. The effective viscosity of a non-Newtonian liquid (which
may or may not be elastic) depends on the shear rate. During breakup the vis-
cosity helps to determine the instability shear rate. For example, the instability
viscosity, 7y, of Phos-Chek, FT-100, FT-931 and water during Taylor breakup is
about 14, 2, 0.5 and 0.01 poise, and the corresponding shear rates are 15, 42,
110, and 1500 sec~1l. Therefore the viscosity {and elasticity) of a retardant should
be measured in the range of about ten to several hundred sec™! to obtain the
necessary information to evaluate the effective viscosity that controls the growth
rate of the instabilities.

The relative radius of the deformed liquid and its lateral velocity also
increase significantly with increase in viscosity.
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8.2 LIQUID BREAKUP BY SURFACE EROSION

As bulk liquid retardant is released from an aircraft it undergoes
surface stripping (erosion) before being broken up into many smaller particles
by deformation and Taylor instability growth. These individual particles formed
by the Taylor breakup process may then undergo further breakup by surface
erosion {and possibly other mechanisms) during deceleration to their terminal
velocity. The final droplet size of the broken-up retardant may thus be essentially
determined by the surface erosion characteristics of the liquid under the local
(time dependent) conditions of wind velocity and particle size - including the
ability of the particles to undergo erosion under those conditions,

The surface erosion (stripping} of liquids is usually considered to
occur by the growth and breaking of small waves (instabilities) induced in the
surface of the liguid by the wind stress, and a model that has proven quite
useful for low viscosity 1iqulds was described in section 4.1. In principle the
breakup of liquid particles should include a quantitative description of the
surface stripping of a particle in conjunction with the velocity history of the
particle as it is slowed down by air drag. Some effort along these lines to
describe both the surface erosion (mass removal) rate and velocity history for
the particles produced by the Taylor breakup was conducted during the current
program. However several difficulties were experienced in these calculations,
and it did not prove possible to conduct the analysis in the desired manner for
this report. It is not useful to describe the detalls of these difficulties - which
are at present unrescolved, However it may be mentioned that it is possible that
the surface erosion of a highly viscous liquid such as Phos-Chek at relatively
low wind velocities should be considered in terms of classical ligquid boundary
layer stripping ~ such as discussed initially by Taylor®:1l rather than a model
based on instability growth. The value of beta (Eq. 81) may also require some
further modification. Further studies on these matters are in progress.

8.2.1 Average Droplet Size

In principle the size distribution of the particles produced by surface
erosion of the liquid should be computed by using either Eq, (13) {(for number
distribution), or Eq., (20) (for mass distribution). The difficulties just mentioned
prevented the performance of these computations. Consequently, for the present
purpose the average drop size of the various retardants was estimated in the
manner commonly used for low viscosity liquids and high wind velocity, i.e.,
by the mean drop size expression developed by Mayer, Eq, (11). The effective
viscosity at the appropriate shear rate experienced by the liquid was used in
the calculations however, i.e., shear rate was computed using Eq. (28) and
the experimental effective viscosity versus shear rate expression was used to
estimate the viscosity, A value of 0.3 was used for the parameter B, as is
often the case for low viscous liquids. There is some reason to believe that B
may possibly depend weakly on viscosity and velocity, but this potential de-
pendence cannot be estimated at this time. In any event the use of Eq. (11) is
an approximation since the effect of the particle size on the allowable wave-
length excitation is not taken into consideration in the equation, and the effect
of the shear rate vs viscosity relationship skewing the distribution curve is
also not included. Thus the present calculations are approximate in nature, and
should be regarded as a preliminary effort. In spite of the approximations in-
volved however, it appears quite probable that the computations show essentially
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the correct particle size behavior of the retardants - both as to absolute size
and relative differences between the retardants, although it is believed that i
the computed values for Phos-Chek may be a little low. o

One further point may be noted. The Mayer drop size expression,
Eg. (11}, is a number mean diameter., However the experimental value of 0.3
for B in this equation was obtained by comparing Eg. (11) with experimental
drop size data based on liquid mass - not number of droplets. This in effect
converts the Mayer equation into @ mass mean dlameter expression. The
relation between mass mean diameter and droplet mean diameter - assuming a
log normal probability distribution function ~ is given by Eq. (10). This equa-
tion shows that the mass mean diameter is usually roughly about twice the
number mean diameter.

The results of the computations for the final average (mass mean)
droplet diameter produced by the aerodynamic breakup of the various retardants
as a function of aircraft velocity are shown in Figure 44 and Table IV.

TABLE VI. PRELIMINARY COMPUTED FINAL AVERAGE DROPLET SIZES
' PRODUCED BY THE SURFACE STRIPPING OF LIQUID

RETARDANTS.
Aircraft S n d
Liquid Velocity V -1 "

(knots) (sec ) (poise) (mm)

50 263 5.20 5.77

Phos-Chek 100 799 9,12 3.30

XA 150 1239 10.21 2.07

200 1510 10,54 1,44

50 182 1,424 3.01
Fire-Trol 100 692 0.437 0.538
100 150 1139 0.289 0.238
200 1420 0.242 0.144
50 272 0.130 0.589
Fire-Trol 100 948 0.065 0.146
931 150 1525 0,053 0.074
200 1882 0.049 0.048
50 405 0.0087 0.097
160 1308 0.0087 0.038
Water 150 2058 0.0087 | 0.022
200 2512 0.0087 0.015
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It will be seen that at any specified aircraft velocity the average particle size
of the retardants increases in the order; water, Fire-Trol 931, Fire~Trol 100
and Phos-Chek XA. For example the mass mean dlameter of the droplet pro-
duced by a 100 knot aircraft is: water—-0,038 mm, Fire~Trol 931-0.15 mm,
Fire-Trol 100-0.54 mm and Phos-Chek XA-3.3 mm. Thus the estimated mean
particle size of Phos~Chek is roughly a factor of 100 greater than that of
water. '

It will also be observed that particle size decreases with increase in
aircraft velocity, but there is less effect for Phos-~-Chek than for the other re—
tardants, This is because the effective viscosity of Phos-Chek increases with
increase in shear rate - due to its elasticity - whereas the two Fire~Trol solu~
tions are (presumably) non-elastic, and shear thinning (Table VI). Table VI
also gives the estimated shear rate of the liquid during surface erosion, The
values range from several hundred to just under 2000 sec~!, The values are
larger than experienced by the liquid during its deformation and breakup by
Taylor instability, The values are not exceeding large however, and are gener—
ally within the shear rate range of the Haake Rotoviscometer, This is of some
interest since it indlcates that future measurements on retardants for the present
application can be obtained by the Rotoviscometer — which {s a more rapid,
easier and presumably more accurate technique than the high pressure capillary
tube technique.

8.2.2 Particle Size Distribution

In order to make a rough estimate of all of the particle sizes, it was
assumed that the sizes obey a log normal probability disiribution (Eg. 9), as is
usually the case for a low viscosity Newtonian fluid, Figure 45 shows the
results of these computations for an aircraft velocity of 100 knots, It may be
seen that a significant percentage (20%) of the Phos~Chek mass is present in
particle sizes greater than 5 mm., This is consistent with the Honeywell
statement20 that "cloud terminal velocities estimated from films suggest Phos~
Chek droplets on the order of 0.5 to 1 cm in the final region of the trajectory.”

8.3 FURTHER DISCUSSION

The preceding models used to describe the breakup of aerial delivered
fire retardants provide a basis for the elucidation of the important system para-
meters and fluid properties that control the dissemination of the retardant. The
analyses that were conducted illustrated the effects of the system parameters on
the breakup of the three chemical fire retardants of current interest and of
water, and showed how the physical and rheclogical properties of these retard-
ants affected the breakup rate of the liquid and the particle size of the dispersed
retardant, It is evident that the breakup characteristics of the liquid has
varlous implications regarding the dispersal of the liquid on the ground. A de~
tailed and quantitative comparison of the results and implications of the theory
with experimental data would require considerable effort however, and was not
possible on the present program, For the purposes of this report a further brief
discussion will be presented which attempts to summarize some of the ultimate
effects of the system parameters and fluid properties on the dispersal of the
retardant rain on the ground,
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8.3.1 Droplet Settling

After their formation by ultimate breakup of the bulk liquid-which has
both horizontal and downward vertical motion during the breakup processes ~
the 1iquid droplets (particles) undergo settling. Depending on various conditions,
many or all of the droplets reach their terminal velocity, v, by the time they reach
the ground. Terminal velocity is attained when the drag force acting on the droplet
is equal to the gravitational acceleration force, i.e., when

0.5C, o ve A = (a3 /6) pLg (84)

where p is air density, o 1 is liquid density, A is the projected cross sectional
area of the droplet, d is droplet diameter, Cd is the drag coefficient and g is the

gravitational constant, The terminal velocity is thus given by

1/2

B 4p,dg
Vo= W (85)

The value of the drag coefficlent depends onthe value of the Reynold's number,
but for the present conditions is usually a little less than unity. It will be
observed that droplet diameter is the most important parameter that affects the
terminal velocity of the falling particles. It was previously shown that particle
size is largely controlled by the effective viscosity of the liguid and the air-
craft velocity. Large viscosity and small aircraft velocity produce large droplet
slze. :

As an example consider Py and C, to be constant and have values of

d
1,065 gm/cc and 0.7. The terminal velocities of the mean sized particles of
the retardants given in Table VI for an aircraft velocity of 100 knots are then:
Phos-Chek-748 cm/sec, Fire=Trol 100-302 cm/sec, Fire~Trol 931-157 cm/sec
and water-80 cm/sec. The terminal velocity of Phos-Chek is thus about an
order of magnitude larger than that of water. Larger terminal velocities imply
shorter times in the air for the falling particles and hence less evaporation of
the particles before they reach the ground. It would thus be expected that
evaporation loss of the particles for constant conditions of aircraft velocity and
altitude would be least for Phos-Chek, followed %y Fire~Trol 100, Fire-Trol 931
and then water, It has been shown by Georgel'5 that this is indeed the
ordering of the preceding retardants for air evaporation loss, It is also expected
on the preceding basis that the time for the particles to reach the ground should
be least for Phos-Chek and greatest for water, and the time for the droplet

cloud to settle should also be in this order. Increase in aircraft velocity

should increase cloud settling time, These conclusions are also consistent
with experimental data. 1, Increase in aircraft altitude increases evaporation
loss since it increases the airborne time of the droplets.
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8.3.2 Effect of Atmospheric Properties

The most important atmospheric effect on the droplet cloud is wind,
It has heen found that in general a cross wind moves the cloud as a whole,
rather than separating particle sizes and significantly broadening the contour
pattern. 0 small droplets are acted on more strongly by the wind than larger
droplets and also remain airborne for a longer period of time. Thus a droplet
cloud produced from a liquid with a large effective viscosity (e.g., Phos-Chek)
will be less affected by a wind than will a droplet cloud preduced from a low
viscosity liquid such as water. The droplets eroded from the liguid prior to its
Taylor breakup are more subject to wind drift than are the droplets resiulting
from the Taylor breakup due to the fact that they are formed at a higher altitude
and exposed o the wind flow for a longer period of time. The average particle
slze may also be smaller,

The change in air density with altitude will also in principle affect
the liquid breakup characteristics, but the computed effect is very small. In
general disseminating at higher altitudes (e.g., 1 or 2 miles) than sea level
will decrease the Taylor breakup time and increase the final droplet size. It is
doubtful if the effects are discernable experimentally however,

8.3.3 Ground Contour Pattern

The general ground pattern {specific area concentration) of the dispersed
liquid retardant depends largely on the rate at which the retardant is released
from the aircraft {including total load dropped),the aircraft altitude, and to a
lesser extent on the aircraft velocity and the aerodynamic breakup characteristics
of the liguid., As mentioned earlier, the concentration of liquid is not linear
throughout the ground path length, but is generally low over approximately the
firsc third of the path, increases to a maximum, and then decreases rather sharply.
The low concentration over the initial part of the path length arises from the surface
stripping of the liquid as it exits the aircraft. Later the deforming liquid breaks
into many smaller pleces by Taylor instability growth which greatly increases the
surface area avallable for stripping and also provides some droplets directly that
do not breakup any further and whose trajectory is essentially straight downward.
The Taylor breakup process provides the Barticles that lead to most of the mean-~
ingful {high concentration, > 2 gal/100 ft%) ground concentration of dispersed
retardant.

There are three general ground coverage parameters that are of interest
in retardani dissemination studies, viz, area coverage, path length and path
width., However the specific area concentration (gal/100 ft2) of dispersed
retardant is not uniform in the disseminated area, and on a practical as well as
a fundamental basis it is important to know the area concentration disiribution
within the disseminated area, For example it is known that a minimum of about -
2 gal/100 ft2 of retardant is required to significantly impede the spread of fire
in typical fuel stand, and concentrations of this magnitude and greater are
consequently of most interest in aerial dissemination studies, The concentration
of dispersed retardant produced by a typlcal aerial drop may vary in localized
regions from less than 0.1 to about 10 gal/100 ft*., The disiribution is generally
not symmetrical, either longitudinally or laterally, and the disseminated area
in some cases contain small localized regions where there is either no retardant
at all, or else may contain relatively large globs or puddles. The normal pattern
produced by the aerial dissemination process may in some cases be significantly



modified by the presence of wind.

The general ground pattern of a disseminated retardant produced by aerial
dissemination and the effects of the various system parameters and fluid properties
can be understood to a considerable extent in terms of the llquid breakup models
discussed previcusly., A detalled examination would require an extensive effort
however, and for the present report only a few generalizations will be considered.

8.3.3.1 Ground Coverage Area

The ground area having liquid concentrations of greater than 2 gal/100 ft2
is usually of most importance, and liquid load size and drop height are the system
parameters usually having the greatest effect on the area., Increases in load
size and drop helght generally increase the ground area. Increasing the drop
height tends to increase the uniformity of the ground coverage, and this will
cause the areas of localized reglons with very large retardant concenirations to
decrease and regions with smaller concentrations to increase, Increasing the
drop height also enhances evaporation of the settling droplets, however, and this
will eventually reduce ground concentration and the area having an effective
concentration of retardant. The rate at which the load is released from the aircraft
can also affect the area. The specific rate of release of the retardant usually
varies throughout the discharge time period, and depends on such factors as
tank geometry, door geometry, door opening rate, and venting. Depending then
on the combined effect of various parameters, the ground area receiving a spe-
cified concentration of retardant can either increase or decrease as these parameters
are varied independently. This may be seen in the plots given by Georgel .59 of
area coverage vs drop height and wind speed for various retardants and various
tank and gating systems.

The effective (C = 2 gal/100 ftz) area also is a function of retardant
rheology. It has been found for example that for fixed conditions the eifective
coverage area of the four retardants under consideratio%éiecreases in the order:
Phos-Chek XA, Fire~Trol 100, Fire-Trol 931 and water, The area coverage is
related to the rate of breakup of the retardant, to its lateral spread before ground
deposition, and to the droplet size (including evaporation effects). Since there
are various factors that contribute to area increase, there are also varlous _
potential ways in which area could be correlated. For example the figures in
section 8.1.2 illustrate the effects of varlous system and fluld parameters on the
factors relating io the lateral spread of the retardant (Re/R0 ,Ve) , and for a

specified retardant these factors could be used to help estimate the effect of
drop height on path width. Certain shear rates and corresponding effective
retardant viscosities were involved in these calculations. On the other hand

the surface erosion rate and final droplet size are also involved in determining
the area coverage, and a different shear rate and effective viscosity are involved
in determining the values of these factors,

It is not clear as teo the best manner in which area coverage should be
correlated with retardant rheclogical properties, and in principle all the various
factors involved should be considered rather than a single correlating factor.

For illustrative purposes here, however, the ground area covered with 2 gal/

100 ft2 by the TBM aircraft has been plotted as a function of the effective viscosity
for surface erosion of the retardant, and is shown in Figure 46. The data is a
summary of some of the data given inref. 59, and is rough in the sense that the
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aircraft velocity was not exactly the same in all cases and the averages used

for water at 100 ft altitude is not consistent with some of the data, It may be
seer: from this figure that the effective area coverage generally increases with
increase inthe effective viscosity of the retardant, and the relative ordering for
the four retardants are as given by George.59 In terms of total area coverage the
lower viscosity retardants often produce larger total areas, but a larger fraction
of this area has a very low (non-—effectiveg concentration of dispersed retardant,
This is consistent with the observationl 59 that gum thickened retardants produce
more concentrated patterns, Figure 46 also shows that the area generally increases
with increase in drop height. The very low value for water at the larger drop
height probably results because of increased evaporation of water at higher
altitudes. :

8.3.3.2 Ground Path Length

Ground path length generally increases with increase in the effective
viscosity of the retardant, and this effect for the four retardants is also illustrated .
in Figure 46. Thus Phos~Chek produces the longest effective path length of the
four retardants, The path length from a specified tank and gating system is
generally determined primarily by the flow rate from the tank, and superimposed
on the flow rate effect is the rate of breakup of the retardant. Ii: general, decrease
in breakup rate increases path length. The flow rate from a specified tank has.
been found to be essentially independent of retardant type or compos&tioglg ancd
hence 1s determined primarily by the tank and gating system design. L, The
path length for the cases illustrated in Figure 46 decreases with increase in
altitude, but in some cases drop helght has no effect on length“,or may even
increase it slightly., An increase in aircraft velociiy should theoretically decrease
the effective path length since it increases the liquid breakup rate. This effect
has been found experimentally®9.

8.3.3.3 Ground Path Width and Shape

The width {lateral spread) of the ground pattern depends on drop height,
tank and gating system design, aircraft velocity and retardant rheoclogy. Figure
4% illustrates path width for the four retardants. The aerodynamic deformation
of the retardant preceding its Taylor breakup causes a lateral spread of the
liquid and gives an initial outward lateral velocity to the particles produced by
the breakup (see section 8.1,2). The particles then continue their outward
motion during their fall-~consistent with their drag and surface erosion char-
acteristics. Path width thus increases with increase in drop height up to some
limiting value, Factors that decrease the Taylor breakup rate and the surface
erosion rate-including increased effective viscosity for these processes {which
depends on shear rate)-tend to increase path width., Likewige lower aircraft
velocity and larger loads (or larger instantaneous volume release) tend to
increase path width, The general shape of the path can under suitable conditions
depend strongly on the wind.,
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9 DISTRIBUTION OF FIRE RETARDANTS ON FUELS

Subsequent to the aerodynamic breakup of the liguid fire retardant by
various mechanisms after the retardant is ejected from the alrcraft, a "rain"™ of
the retardant particles is produced which falls upon the fuel elements (e.g.,
grass, brush or trees) present on the ground. The interaction of the falling
liquid particles with the fuel causes a "wetting” of the fuel to various degrees-
depending on the gross precipitation of disseminated retardant per unit ground
area, and the properties of the liquid particles and the fuel elements., In order
to make the most effective use of liquid retardant in various fire situations and
for different fuel and retardant types, it is of importance to understand the
penetration, retention, and distribution of the retardant as it interacts with
representative fuels, and the effects of the various properties of the retardant
such as size, impact velocity, and rheologicel properties, on the interaction
process, Consequently during the present program a brief literature
survey was conducted to determine what information exists on cthis general
subject, and studies have been inltiated to obtain further understanding of the
wetting~out characteristics of typical fuels by various retardants.

9.1 WETTING OF FUELS BY WATER AND RETARDANTS

The ability of a dispersed liquid retardant to reduce or completely
suppress an advancing fire front in a fuel complex depends on the ability of
the dispersed droplets to wet or coat a large proportion of the fuel with a
sufficient quantity of retardant salt. The salt deposited per unit area of fuel
depends on the quantity of liguid retardant deposited on the fuel per unit ground
area, the salt concentration of the retardant, the degree of spreading of the '
retardant over the fuel surface after droplet interaction with the fuel, and the
degree of retardant retention by the fuel. The salt concentration of the droplets
depends on the initial salt concentration of the retardant and the degree of
water evaporation prior to droplet interaction with the fuel,

9, 1.1 TFuel Characteristics

There are a varlety of different types of fuel complexes that may be
treated by a fire retardant, each of which may differ in its ability of undergoling
wetting out or coating by the retardant because of geometric or configurational
effects. General representative types includet0a grass stand (several inches
to a foot or more in height), chaparral field such as brush, thicket, or evergreen
or short bushy trees (several feet in height), tall crowned trees (more than about
100 ft) such as Douglas fir, and litter or brush beneath crowned trees. The
different fuel types also have different surfaces, and these surfaces may differ
in their ability to wet out, The presence of moisture, cracks or other surface
imperfections, bark roughness and whether the fuel is green or dry (or deciduous,
or conifer and the time of year) are also factors in the wetting out process.

The geometry of the fuel helps to determine the portion of the settling
droplets {which are of various sizes) that interact directly with the fuel, the
amount of fuel surface that Is subsequently wet by liguid running {(drip) after
droplet impaction on the fuel, and the amount of liquid retained as film storage
on the surface. The surface composition and structure also helps to determine
film storage on the surface, as well as liquid adsorption and running on the
surface.
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9,1.1.1 Retardant Requirements

The quantity of dispersed precipitated retardant that is required to
effectively impede or prevent propagation of fire through a fuel complex depends
on the ground concentration and various properties of the fuel, as well as on
other factors such as retardant type, pattern width, and wind conditions. For
orientation purposes, the following quantities of a typical conventional retardant
expressed in gallons per 100 ft* of ground area {(gpc) have been deduced to be
representative of the effective levels of retardant coverage required for various
diverse fuel types:4 tall grass (0.5 to 1 gpc), chaparral {4 to 5 gpc), crowned
trees (2 to 5 gpc) and forest litter (3 to 4 gpc) It has been shown that except
for grass fuels, 2 gpc is the minimum concentration which will produce a sig-
nificant reduction in the rate of flame spread in a light fuel complex.59 Conse-—
quently the 2 gpc contour is of special interest in aerially delivered fire retardant
studies, and except for grass stands, concentrations of two or more gpc of re-
tardant are generally required for mgmﬁcant effectiveness.

9.1.2 General Mechanism of Fuel Wetting

The general mechanism of the wetting of a fuel such as brush or a tree
crown by falling rain is well known. 50 Briefly, when the rain begins small drops
with low impact velocity interacting with exposed regions of the fuel are largely
retained intact by the fuel; whereas larger drops with higher impact velocity
spatter during impact and flow to give liquid film and in some cases also smaller
droplets. A portion of the falling rain drops pass directly through the fuel
canopy without interaction with the fuel. As the rain continues, the small drops
building up on exposed portions of the fuel (e.g., leaves or boughs) gradually
coalesce with themselves and with liquid film formed by the larger drops. This
enhances the spread of the liquid over both exposed and non-exposed areas of
the fuel surface. Likewise the continuous spatter and running of the larger
drops provides additional liquid for fluid flow and film formation over the fuel
surface. When the liquid stcrage capacity of the partially exposed fuel elements
becomes exceeded, the excess liguid forms miniature pools and rivulets which
channel the liquid flow to the tips and edges of the fuel elements where -depend-
ing on conditions-the liquid will form drops which are removed by gravitational
force. As these drops (or fluid flow) undergo free fall {drip) they interact with
additional portions of the fuel below causing additional wetting, fluid flow and
film formation, although & portion of the drops will fall unaltered through free
gpaces in the fuel to the ground. A small portion of the liquid may also he
channeled from various fuel elements such as the boughs to the stem, where
it is leaked to the ground by stem flow,

9.1.2.1 Ligquid Storage cn Fuel

Depending then on the intensity and duration of the rain, either all or
a portion of the fuel will become wetted out by the rain. The liguid that can
be stored on a thoroughly wetted fuel element during a rain is greater than that
remalning on the fuel after the rain ceases since excess liquid not bound to the
fuel is removed relatively rapidly from the fuel by drip (and evaporation) after
discontinuance of the rain. Further removal of partially bound liguid from the
fuel can be attained by shaking the fuel, or by wind. This will remove all
liquid except that bound securely to the fuel in the form of film or absorbed
liquid, which can only be removed by evaporation, Grah and Wilson®! used
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the term "transitory storage" to describe the quantity of liquid that is initially
lost by drip and evaporation from saturated fuel following discontinuance of a
rain, and "conditional storage"” to describe the additional liguid that can be
removed from the fuel by wind or shaking. The remaining securely bound liguid
that can only be removed by evaporation was called "residual storage". They
developed an experimental technique for measuring these quantities in a relative
manner. This technique consisted in following the weight of a fuel element that
was subjected to wetting by a spray to saturation (constant weight) , then dis-
continuing the rain and following the weight during the drip period to constant
welght, and then shaking the fuel and weighing. For the study cases of small
Monterey plne and Baccharis (an evergree shrub) they found that the percentage
of liquid held by the fuel in storage was roughly the same in each of the three
storage conditions, i.e., about one-third of the total stored water under sat—
uration conditions is subsequently lost by drip, an additional one-third is lost

by shaking, and one-third remains firmly bound and can only be removed by
evaporation,

9.1,2.2 Grah-Wilson Film Thickness

The results of the preceding experiments were further quantized by
making an estimate of the total surface area of the fuels used in the studies,
and converting the quantity of liquid held in conditional and residual storage
into equivalent film thicknesses assumed to be uniformly applied over the
surface area of the fuel. The value of these so-called Grah-Wilson film
thicknesses represent a measure of the liquid that can be held by the fuel under
various conditions. The values depend both on fuel type and liquid, and reflect
different surface affinities and film properties,

9.1.2.3 Interception of Rain by Fuel

A partitioning of the rain fall on a fuel complex shows that the gross
(total) precipitation of liquid, P, can be expressed by 60

P= T+ D+ F+ S+E (86)

where T is the precipitation passing directly through the fuel canopy, D is the
drip from the fuel onto the ground beneath the fuel element, e.g., a tree, F is
the flow of the liquid to the ground by stemflow, S is the quantity of liquid
stored on the fuel, and E is the liquid loss from the fuel by evaporation. In
forestry studies the gross precipitation is normally expressed in inches of
rain. In fire retardant studies where the liquid lecad is fixed, the precipitation
is more conveniently expressed as a surface concentration, usually gallons
per 100 square feet of area {gpc). One gpc is equivalent to about 0.01604
inches of liguid.

The liquid from a rain of retardant that is avallable for coating a
standing fuel is given by the interception loss (S + E) terms, but the E term
is usually negligible or small. A measure of the S term is given by the condi--
tional or residual storage film thickness - depending on conditions - provided
that the fuel was initially essentially saturated by the dispersed retardant.
The value of S is typically of the order of several hundredths of an inch
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of liquid, which is equivalent to several gpc.

The liquid that is available for coating litter fuels located beneath
standing fuel canopies is given by the throughfall (T + D) terms and the stem-
flow F. It has been shown that the role of stemflow in rain storms is usually
of minor importance (1-15%).62,63 The precipitation passing directly through
the fuel canopy, T, depends both on the concentration of fuel elements (e.qg.,
leaves and boughs) in a specified fuel {(e.g., trees) and the size of the falling
liquid drops. A low fuel element (leaf or bough) concentration in a given fuel
and a small drop size cause larger values of T. Studies have shown that under
suitable conditions a significant fraction of a specified precipitation may pass.
through the fuel canopy without interaction with the fuel. For example Helvey
and Patric64 found for typical rainfall in hardwood forests that the value of T
is given by

T = 0.901P - 0.031 (87)

Other studies for other trees and vegetat&on have, however yielded much
smaller values depending on conditions. 5 The intensity of the rain storm can
have significant effect on the value of T, since more intense rainstorms have
larger drop diameters. It has been found that throughfall (T + D) for a tree in-
creases as the distance from the trunk increases, i.e,, there is less through~
fall near tree trunks than near the crown periphery.

9.1.3 Effect of Drop Size and Impact Velocity

The size and impaction velocity of the settling retardant droplets both
affect the wetting of the fuel by the retardant. The angle of droplet impact with
the fuel also may influence the overall wetting process, and this angle may be
influenced by wind or wind gusts, as well in some cases by droplet trajectory.
Thus the wetting cut is to some extent a function of the method of application. .

The effects of size and impaction velocity of the settling droplets on
the wetting of fuel are to some extent interrelated, Very small droplets have
low impaction veloclities, and the isolated droplets are also relatively stable
due to surface tension, Breakup of the droplet at impact cannot generally occur
unless the dynamic pressure produced in the droplet during impact exceeds the
stabllizing surface tension pressure in the drop, i.e., breakup cannot cccur un~-
less

1 "12 - 47/D (88)
2 >

where Py is liquid density, vy is the impact velocity of the droplet, and ¥ and

D are the surface tension and diameter of the droplet. Larger droplets have
higher impaction velocities and lower stabilizing (surface tension) stress.
Consequently the larger drops of retardant can undergo breakup and running
during impact with the fuels.

The terminal velocity, v, of a falling spherical drop with diameter, D,
is given by ' ' _ '
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where g is the gravitational constant, P is air density and Cd is the drag

coefficient, The drag coefficient varies with the Reynolds number., However
liquid drops undergo some deformation and flattening during free fall ~ depend-
ing on thelr size, surface tension and viscosity — and this will affect {(increase)
the drag. Thus depending on conditions the drag coefficient of a falling drop
may differ to some extent from that of a solid sphere. The value of the terminal
velocities of various sized water drops has been determined experlmentally, and
representation values (summarized in ref,40} are given below.

D (mm) v{icm/sec) D v
0.1 27 2,0 651
0.2 72 3.0 801
0.5 204 4.0 880
0.75 305 5.0 914
1.0 403 6.0 923

It can be estimated using the preceding equations that falling water drops
smaller than about 2.3 mm should be stable (not undergo breakup and spreading)
during impact. The critical size will decrease with increase in temperature,
since surface tension decreases with temperature increase,

In addition to impact pressure in falling drops or gravitational force on
isolated drops resting on a surface, chemical forces may in some cases en-
hance the running or spreading ability of liquid drops. In this case the chem-
ical composition of both the liquid and the fuel surface would affect the spread-
ing characteristics. Liquid absorption by a fuel surface also affects spreading,
as do factors that contribute to droplet coalescence. The size of the droplets
can also affect the wetting characteristics of fuels in other ways. A cloud of
very small particles (fog) can coat the fuel (including the underside of follage),
and if the individual small particles can eventually touch and undergo coales~
cence they will gradually run and spread on the fuel surface. It has heen
shown®© that the rate of fall of very small (aerosol} particles due to gravity
is usually small compared to that by normal turbulent diffusion processes of
the atmosphere, However these very small particles are generally of little
importance in fire retardant application, Studies have shown20that most fuels
are most effectively coated by a combination of droplet impaction and subge-
guent run, However in the case of fine fuels such as tall grass the droplets
may deflect the fuel and pass through intact.

9.1.3.1 Droplet Size Effect on Canopy Penetration
From statistical considerations it is evident that small droplets have &

greater chance of directly penetrating foliage than do larger droplets. This
penetration for the case of very small particles is enhanced by downdrafts.



In the general case however, a significant fraction of the liquid that eventually
gets through the canopy arises from drip that is produced by droplet impaction
with the canopy foliage. The sizes of the drip particles varies - depending on
conditions - and the drip is usually distributed unevenly beneath the canopy.

The angle at which the falling droplets interact with the fuel can affect
the extent of wetting of the fuel. Angular droplet impaction followed by vertical
dripping does not achieve saturation on the leeward segments of the foliage,
and thus a vertical rain (implying high altitude delivery) is best for retardant
application.40

9,1,4 Effects of Physical and Rheological Properties

The physical and rheological properties of the retardant droplet can aifect
its interaction with the fuel in various ways. Higher density retardants will
have higher impaction velocities than lower density retardants for the same
droplet size, but this effect appears to be of only small importance unless the
droplet has undergone significant evaporation.

Of considerably more importance are the fluid viscosity and surface
tension of the ligquid., In general increases in surface tension and viscosity
increase droplet stability, and decrease its ability to spatter on impact and run.
This can result in lower coverage (wetting out) of the fuel, but in larger film
thickness (retardant storage capacity) where coverage occurs. Viscosity also
has a direct enhancing effect sn fire extinguishment by water.67 Decrease in
viscosity and surface tension enhances the ability of the liquid to spread {run)
on the fuel and penetrate to a limited degree into its surface {e.g., at cracks),
Since increase in temperature decreases both surface tension and viscosity,
droplets which are stable at normal temperatures may run at higher temperatures
(if they don*t evaporate first). The extent of water evaporation can sometimes
have significant effect, since fluid viscosity (and possibly surface tension)
may be a strong function of salt concentration in some cases.

The viscosity of a retardant is normally controlled by the use of a
thickening agent., These materials are usually heterogeneous (e.g., clay thick-
ened) or polymeric {e.g., gum thickened) in nature. Polymer based retardants
apparently add strength and thickness to films applied to vertical fuel surfaces .40
This may be of special importance since the eéfects of retardants are dominated .
by the fine fuels rather than the branchwoods, 8

Some retardants (e.g., Phos~-Chek XA) are elasto-viscous in nature, and
the elasticity of the fluld may possibly affect the nature of the impaction pro~
cess, droplet breakup and liguid spreading (flow). For small impaction velo~
cities (small droplets) the effective viscosity of thickened retardant would be
that at low shear rate. For higher impaction velocity the effective (shear
thinned) viscosity of thickened and elastic fluids may be less than the low
rate value, and the fluid elasticity may add a stabilizing force so that the
liquid undergoes some bounce during impaction. The thickened fluids may alsc
exhibit increased cohesion with the fuel in some cases,

9.1.4.1 Viscosity Effect on Canopy Penetration

The ability of a retardant to run and drip affects both the wetting out
of a fuel, and the penetration of canopy foliage by the retardant, Canopy
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penetration is desirable in fighting fires in forest litter, but undesirable in
crown fuel fires, Generally speaking, thinner retardants are best for litter
fires since there is more canopy drip and more (probably) small particles that
can penetrate the canopy directly withoug fuel interaction. Thicker retardants
are better than thin ones in the treatment of crown fuels.

9.1,5 Vertical Fuel Coverage

Much of the present understanding of the wetting of fuels by a liquid
rain has been obtained from many studies conducted over the years using normal
rain storms. These studies have shown that fuel wetting involves droplet
impaction with exposed fuel surface, which causes liquid spreading and run
over the fuel surface, followed by drip and running over non-exposed fuel sur-
face, Liquid is stored in the fuel after rain discontinuence largely in the form -
of film and drops, and the storage capacity depends on whether the fuel is
shaken.

During the past few years studies have been conducted to attempt to
understand the wetting of fuels by aerial delivered fire retardant rain. These
studies showed that although the wetting of a fuel by a liquid retardant rain is
apparently similar to that by an ordinary rain storm, there are various factors
that require consideration when attempting to define the concentration of re- -
tardant that should be applied to a glven fuel type under specified fire condi- -
tions. It is desirable from cost considerations that this concentration be known
as accurately as possible and the factors that control it be understood.

The wetting of a fuel by a retardant rain may differ to some extent from -
ordinary water rain in that the duration of the retardant rain fall is relatively
short (from several seconds up to several tens of seconds}, the particle size
distribution may be different and include many relatively large particles, and
the viscous and other properties of the liquid may be appreciably different
from ordinary water and may be shear rate dependent. This difference in rheo-
logical properties can cause the droplet impact and subsegquent liquid run
(spread) and drip processes to differ in behavior from that of ordinary water, and
result in greater film thicknesses.

The studies that have been conducted, then, have been directed toward
understanding the wetting of fuels by retardants in terms of the differences with
rain wetting brought about by the retardant properties. Swanson and Helv1g68
developed a vertical fuel coverage model as a method of providing estimates
of the vertical fuel effect on required retardant quantities. The model regards
the vertical fuel structure as a series of geometrical segments which are des~
cribed in terms of measured fuel parameters, geometry, surface area and volume,
Retardant entering vertically either passes through the segment without inter-
action, or is captured and retained and eventually (when the segment is satura~
ted) allowed to drip to the next segment., The model can be calibrated from
experimental data, and provides estimates of the effect of the various retardant
characteristics and properties on the wetting out of a vertical fuel. Swanson
and Helvig also developed a model for the spread of liquid retardant on a verti-
cal surface and concluded that the resultant film thickness produced by varlous
retardants should differ by the square root of the ratio of their viscositles.

Anderson of the Forest Service has conducted studies of the actual
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transmission of aerially delivered fire retardant through vertical fuels such as

a tree crown. %9 He found that the proportion of retardant retained on the fuel
increased as the fuel diameter and surface roughness of individual fuel elements
increased. Equations were developed that described the retention, and it was
shown that in the case of a tree crown the results were in agreement with pre~
vious studies on the transmission of rain through the crown,

9.2 EXPERIMENTAL STUDIES

Previous studies have shown that the wetting of a vertical fuel by a rain
of liquid fire retardant involves liquid drop impaction {spatter) on the fuel,
followed by liquid spreading, running and drip onto fuel sections beneath the
spatter sections. The retained lquid after rain discontinuence is stored on the
fuel in the form of film and drops. In order to further understand the various
processes involved in the wetting out process ~ including effects of retardant and
fuel properties ~ studies have been initiated during the present program on
certain aspects of the problem.

9.2,1 Static Drop Spread

Experiments were conducted to obtain information regarding the effects
of retardant and fuel properties on the spreading of retardant drops on fuels
under gravitational force,

9.2.1.1 Experimental Technique

The experiments consisted in dropping a drop of the liquid retardant with
an eyedropper from a height of about 1/2 inch (to allow drop formation) onto a
fuel surface, and measuring the area of the equilibrium liguid after its spread
over the fuel surface, The experiments were conducted at ambient temperature
(68 F £57). The fuel materials used in various studies were glass, paraffin,
clear pine, clear redwood, fir (plywood), rough cedar (sanded) and manufactured
pressbhoard. Both flat and inclined fuel surfaces were studied., Glass slides
were used, the paraffin was melted and poured into petiri dishes, and the wood
samples were cut into conveniently handled sizes,

The initial diameter, Do’ of the drops used in the studies was determined

as follows. For each liquid a known number of drops from the eyedropper were
placed in a graduated cylinder and the volume was measured. It was attempted
to keep the generation of each drop as consistent as possible. From this data
the volume per drop was determined and the equivalent diameter of a spherical
drop with that volume calculated, In the spreading experiments a sufficient
number of drops (usually 6 to 10 or more) were studied in each case to obtain
statistically reliable results.

The data obtained from the experiments was the final area of retardant
coverage., The area produced by each drop was approximated by assuming the
area to be an ellipse* and measuring with dividers and 1/100" ruler the major

*The major axis of the ellipse was usually in the direction of the grain of the
wood.
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and minor axes, compensating for assymmetries and such by eye., The product
of these dimensions was statistically treated using an HP-45 calculator to
give means and standard deviations. Finally, each mean spread area, A, was
divided by the volume of the drop, V, producing it to give a "spread factor” type
of number with dimensions A/V = cm~1,

9.2,1.2 Experimental Results - Flat Surface

The experiments were conducted using Phos-Chek XA, Fire-Trol 100
and Fire-Trol 931, and in some cases also distilled water., The various fuel
surfaces used in the studies were chosen for several reasons. Paraffin was
selected because of its chemical inertness, as well as to partially simulate
the waxy~-like surface of many leaves. Glass is also inert but allows weak
interfacial interaction by hydrogen bonding. In addition, both glass and
paraffin are non-absorbant. The various wood surfaces were chosen to be _
representative of various real fuels, and for convenience, They also provide
surfaces that have varying degrees of surface roughness, absorbtivity, and
possibly interfacial tension., They are not necessarily the best materials for
the present type of studies. However the results of the studies on these
materials can serve as a basis for possible additional future studies.

Figures 47 and 48 show the results for the flat fuel surfaces, and
the initial drop sizes used. Far the wood materials the experiments were con-
ducted on both dry and wet (saturated)} surface materials.

It may be seen from the figures that wet surfaces produce better
spreads than dry surfaces. In the cases of the wood surfaces, the drops tend
to spread in the direction of the grain., The relative spread of the three
retardants on paraffin is roughly consistent with their relative surface tensions,’
but water does not fit in the scheme. With the exception of water on paraffin, -
Fire-Trol 100 exhibited the least spread of all the retardants on all of the
materials, both wet and dry. The spread of Phos-Chek and Fire-Trol 931 was
about the same for pine and redwood surface, but for pressboard, fir and cedar
the spread of Phos-Chek was greater. The general order of the surface materials
for increased spreading is paraffin, pressboard, cedar, glass, redwood, pine
and fir. This order results largely because of differences in water absorption
by the surface material. Fo Fire-Trol 931, rough cedar absorbed water from
drops fastest, as seen by the spread of a wet area around the drop, then ply-
wood, pine and redwood. Pressboard doesn't absorb, For Phos-Chek, very
little water is absorbed by the wooden surfaces. Cedar, the most absorptive,
had only a very small water stain annulus about the drop. For Fire-Trol 1060,
only cedar exhibits the absorption of water. On glass, once the drop has
completely dried, there was an irregular area of brittle, translucent, light green
crystal around the central red area of the drop.

9.2.1.3 Experimental Results - Inclined Surface

The spreading of liquid retardant over inclined surface (same drop
sizes) was studied using fir (plywood) at inclination angles (from horizontal) of -
45% and 60°. The results, together with the flat (0°) surface results are shown-
in Figure 45. It is seen that spread area increases with inclination angle up to
an approximately constant Imiting angle near 60°, The retardant type order of
spreading at inclined angles is the same as at 0°.
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The experiments were conducted with the grain of the wood both
parallel and perpendicular to the incline. Small measurable differences were - -
usually found between these two cases, but the effect of the grain direction
was not consistent. The values glven in the figure are averaged values of both
cases. :

9.2.2 Drop Spread From Impact

In order to investigate the effects of impact velocity on droplet
spread, experiments were conducted in which drops of the retardants {(same
size as in previous experiments) were dropped on fir {plywood) at different
Inclination angles from a height of 39'3"., This helght was used for convenlence
(it is a building height), but it can be estimated that drop velocities produced
by this drop helght should be a significant fraction of terminal velocity.

9.2.2.1 Splatter Patterns of Fire Retardants

There are two distinct splatter patterns, depending on the type of
thicknener used in the retardant, The clay-thickened Fire-Trols 100 and 931,
regardless of drop size, exhibit a starburst pattern of numercous striated rays
emerging from a relatively large and well-coated central area. Target inclina-
tion was Important in symmetry and predominant ray direction. Ten degree
inclination yvielded roughly circular patterns with rays emerging in all directions.
With inclinations of 45 and 60 degrees, the patterns formed elippses with
elongations in the direction of the impact velocity vector. Rays emerged in
predominantly this direction also, in a quasi-conical flared pattern., These
general impact patterns are illustrated below.

SPLATTER PATTERNS OF THE FIRE-TROL SOLUTIONS

Impact Velocity

Normal Impact

Inclined Impact
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Gum-thickened Phos-Chek XA gave irregular, unsymmetrical patterns,
with no striations or rays at any of the target inclinations. Instead, ps eudopod-
like extensions were in evidence. Drop signatures on inclined targets were
elongated in the direction of impact velocity. Observations of this retardant
during impact indicate that not all of the drop volume is deposited on the target;
often, portions of the drop would rebound, or roll off the target, These general
impact patterns are illustrated below.

SPLATTER PATTERNS OF PHOS-CHIK XA

Normal Impact

Inclined Impact

5.2,.2.2 Experimental Results

The results of the experiments are summarized in Figure 50. It may
be seen that with the exception of Phos-Chek impacting the 60° inclined boards,
the results are consistent with all the previous results, i.e., spread factors
are smallest for Fire-Trol 100. The spread factor increases with increase in
inclination angle, but the relative increase is much less than in the case of
static spread. This indicates that the impact velocity produces essentially
maximum spread at normal impact. The decrease in spread factors at 60° for
Phos-Chek and Fire-Trol 931 is believed to be the result of liquid bounce from
the surface rather than experimental error. The effect is particularly pronounced
for the Phos-Chek and may relate to its elasticity under rapid loading coaditions.,

9.2.3 Effect of Drop Size

Some additional studies were conducted with Fire-Trol 100 using
larger drops (Dg = 7.44mm). The results are shown in Figure 51, A compari-
son of these results with those for the smaller (4.98mm) drops shows that the
spread factars for the two cases are essentially the same within statistical
scatter (the larger drop values are slightly smaller), except for the 60° case at
39 ft, drop height., These results imply that the spread areas observed are
essentially maximum values, and that valid film thicknesses could be estimated
from the spread areas.

Figure 52 shows typical pictures of the splotch patterns obtained on
plywood in the various experiments.
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3.2.4 Wetting Out of Fuels by Retardants

In order to obtain quick information regarding the relative abilities of
retardants to be retained as stored liguid on a specified wetted fuel, a modified
Grah-Wilson experiment was considered, and preliminary information obtained
during the present program, The experiment consists in performing a Grah~Wilson
experiment on the fuel in question-first with water and then (after suitable drying)},
with the retardant on the same fuel sample, This experiment glves the relative
ability of the fuel to store the retardant with respect to water under the various
conditions of the experiment, i.e., dynamic storage after fuel saturation is
attained, static storage after drip, and static storage after fuel shaking., If the
fuel sample can be sultably washed and dried after the retardant experiment, the
experiment can be repeated with other retardants, Since the surface area of the
fuel remains constant, the results of the experiments give the relative abilities
of the retardants to adhere to the fuel as stored liquid with respect to water, If
the fuel cannot be used again after treatment with the retardant, the experiment
can be repeated with a different fuel sample for both water and a different re-~
tardant, Since the results of the retardant experiments are always with respect
to water at constant fuel surface, various retardants can be rated relative to each
other for various type fuels by conducting a series of relatively simple and rapid
experiments, If the surface area of the fuel is known or the film thickness of
water on the fuel is known,then the absolute film thickness of the retardant can
also be estimated, However the estimation of the absolute surface area of a
fuel element is generally subject to considerable error, and the estimation of
the relative effectiveness of retardants to be retained as stored liquid appears
to have considerable merit, During the program the preceding concept was
subjected to preliminary study using water and Fire-Trol 100,

9.2.4,1 Experimental Procedure

For the experiments, two systems were constructed - one to deliver the
liquid at a known flow rate onto the fuel, and the other to measure the added
weight of the liquid as it is deposited onto the fuel. For the former system, a
seven gallon, air-pressure driven spray paint reservoir can was converted to
an overhand system of pipes and spray nozzle head, WIth known pressure
within the reservoir, a constant spray was maintained, This spray formed a
cone approximately 42 in, high and 30 in. wide at the base, To measure weight
differences, a simple double - cantilever balance 36 in long was mounted on
a sirip of spring steel. As weight differences would tip the cantilever arms and
flex the spring steel, strain gauges mounted on the spring steel would generate
strain data which could be correlated to weight, A damper disc submerged in
mineral oil was used to reduce the oscillations resulting from droplet impact
against the fuel. The maximum excursion of the cantilever approximated a
weight difference of about 300 grams, so that with proper counter-balancing
beforehand, total weight changes of up to more than 800 grams could be measured,
At highest sensitivities, welght differences of a gram could be detected., All
weight data was recorded on a chart recorder,

A branch of oak, approximately 18 in.long and 9 in. in leaf diameter
was chosen as the representative fuel. The branch was first allowed to dry in
the air, then the test sequence performed using water, The branch was sprayed
until a saturation weight was aitained then allowed to drip without spraving o
its lower equilibrium weight, and then shaken to a residual film welght, The
branch was allowed to dry overnight, then the process repeated using Fire-Trol
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100, During this latter test, the nozzle clogged before the dynamic saturation
welght was necessarily achieved, making this weight rather uncertain. However,
the percentage weight differences after drip and shake between Fire-Trol 100 and
water demonstrated the utility of this technigue in showing differences between
the liquids.

9.,2,4,2 Experimental Resulis

The results of the two experiments conducted are shown in Flgure 53, It
is evident that Fire~Trol 100 is much superior to water in lts ability to being
stored on the fuel under the conditions of the experiment, Thus the weight of
the chemical retardant stored was about a factor of 6 to 7 greater than water for
all three storage conditions, viz, dynamic, after drip, and after shaking, These
values are slightly higher than those obtained by others®8, and further studies
should be conducted to check the duplicatability of the experiments, and study
other retardants and fuels.

10. CONCLUSIONS AND RECOMMEN DATIONS

On the program analytical models were developed to describe the aer-
odynamic breakup of aerial delivered fire retardant. These models,together with
shock tube and gas gun experiments, showed that the breakup characteristics—-
and hence the aerial dissemination characteristics - of liquid retardants depend
significantly onthe effective viscosity of the retardant, The effective viscosity
describes the combined effects of fluld viscosity (which may be non-Newtonian)
and fluid elasticity on liquid flow, and is shear rate dependent, Experimental
measurements were made of the effective viscosity and surface tension of
contemporary retardants, and the values used in the breakup models to estimate
the breakup characteristics of the retardants under various conditions. It was
shown that the breakup rate decreases and the droplet size increases as the
effective viscosity of the retardant is increased., Particle size decreases in the
following order for the retardants studied: Phos-Chek XA, Fire-Trol 100, Fire-
Trol 931 and water, The ultimate ground efiects of the aerial dissemination
process such as effective ground pattern (area, length and width) and retardant
recovery also generally decrease In the same order. It was concluded that the
gum thickened retardant Phos-Chek 1s generally superior to the other retardants
primarily because of its elastic nature-which allows it to maintain a high effec-
tive viscosity under aerial shear rate conditions. The large apparent viscosity
of clay thickened Fire~-Trol 100-as measured by conventional (Brookfield) methods~
is somewhat misleading and is actually much reduced under aerlal wind shear
conditions so that the dissemination characteristics of this retardant are only
slightly better than the shear thinning Fire-Trol 931, and water-which is Newtonian
in behavior,

The breakup models showed that there are a number of interrelated
(coupled) system parameters and fluid properties that control the aerial breakup
of the retardant, and consequently its ground pattern-including particle size,
On the program an examination was made of how many of these parameters and
properties influence the breakup characteristics., However because of time
limitations it was not possible to examine in detail the implications and predictions
of the models in terms of existing ground pattern data on disseminated retardants,
or vice versa. In order to make the most effective use of the models, such studies
should be conducted. This would also allow potential improvement of the models
as well as help to provide the best experimental values of certain constants that
appear in the equations.
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In view of the overall importance of elasticity to the breakup process it
would also be desirable to investigate (both experimentally and analytically) the
effect of gum thickener concentration (and type) on the rheological properties and
aerodynamic breakup behavior of retardants, Also improved methods for meas~
urement of fluld elasticity should be investigated since the high pressure cap-
illary tube technique is relatively complex, time consuming, and only approximate
in nature.

Preliminary studies on fuel wetting by retardants were also conducted on
the program. These studies showed that the rheological properties of retardants
have significant effect both on fuel wetting by dynamic droplet impaction, and
on subseguent liquid storage by the fuel. Further studies leading to the devel-
opment of analytical models that elucidate the important impact and fluid properties
for impaction wetting and static film spread and storage should be conducted.:

10,1 TEST PLANNING

In order to help check the analyses and predictions regarding the breakup
of aerial delivered fire retardants conducted on the program, it is desirable that
full scale tests be conducted that provide the necessary data for both checking
the models and improving them, These tests should be conducted in a parametric
manner, i.e., the Important varlables should be varied independently over a
practical range with all other parameters being held constant. The parameters
of most interest include alrcraft velccity, drop height, liquid release character-
istics (tank and gating system), and retardant rheological properties. Since wind
effects represent a perturbation on the normal dissemination process, the preceding
tests would best be conducted under no wind conditions. However since this is
not generally feasible the effects of wind must be taken into consideration as is
possible, The properties that should be measured in the tests include ground
contowr pattern (area, length, width and shape), retardant concentration distrib-
ution, retardant recovery, time for droplet impaction and cloud settling, and
droplet (particle) size distribution,

However it will be observed that with the exception of the measurement
of droplet size, the preceding tests are exactly of the type that the Forest Service
has conducted in the past, and for which considerable data is available. Thus
the measurement of droplet size under various conditions appears to be the most
important new measuwrement that should be included in future tests. It would
appear that for systems and retardants for which studies have been conducted
in the past, that some of these tests could be usefully and relatively inexpensively
be repeated by measuring only particle size in the tests, Before discussing droplet
size measurement, a few further comments may be given regarding the tests and
additional measurements that would be useful if found possible.

‘With regard to the tests themselves, alrcraft velocity should be varied
over a wider range than in the past if it is possible. Also the type or concen-
tration of the thickening agents should be further changed in some cases so as
to give additional values of deformation viscosity, Taylor breakup viscosity,
and surface eroslon viscosity in the tests (the rheclogical properties of these
solutions would have to be measured in order to analyze the tests). Additional
measurements {(when or if they could be made} that would provide additional
useful information include (1) measurement of the time of the initiation of the
Taylor instability breakup of the deforming liquid, (2) measurement of the lateral
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extent and/or thickness of the deformed liquid when Taylor breakup occurs, (3)
measurement of the particle size produced by Taylor breakup, and (4) measurement
of the lateral spread rate of the droplets durlng their settling.

10.1.1 Particle Size Measurement

The measurement of the droplet sizes of the rain produced by the aerial
dissemination of a retardant is not easy, The problem has been examined by 7
The Aerospace Carporation, whose report discussed various potential techniques.
They concluded-based on preliminary experimental studies~that a color photo—
graphic technique in which a grid with known spacing between the lines is
photographed from some distance {30-40ft)with a telephoto lens at 200 frames/sec
during droplet settling potentially represents a simple and inexpensive method
for obtaining quantitative information regarding droplet sizes and shape. In the
tests, all but four feet of drop zone nearest the grid in the camera'!s view is to
be covered so that only those droplets within 4 £t of the grid are photographed,

In this manner the size of the photographed droplets represents essentially the
real size with respect to the grid spacing, Unless a relatively large camera-to-
grid distance is employed and the droplet fall restricted to a short distance in -
front of the grid, the location of the droplets between the grid and camera can
have a significant effect on the size of the droplet image that the camera records.,
In this case two synchronized cameras could be used to trlangulate the droplet
position, or a series of grids with known distances apart could be used to identify
the position of some of the falling droplets,

In the studies, the measurement of particle size within the meaningful
{(high concentration) part of the ground pattern is of most importance, This
reglon corresponds to the ground-pattern produced by the Taylor instability breakup
of the liquid. However in some cases the particle size should also be measured
in the ground pattern region preceding Taylor breakup. There may be differences
in the particle sizes in the two regions since in the beginning region the particles
arise only from peripheral stripping (surface erosion) of the bulk liquid; whereas
in the meaningful part of the ground pattern they arise from Taylor breakup of the
bulk ligquid followed by surface erosion of the particles produced by the Taylor
breakup. :
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APPENDIX I

GLOSSARY OF TERMS

A constant given by Eq. (35a).

Initial amplitude of Taylor instability waves, cm; Eq, (39).
Dimensionless parameter having an experlmental value of about
0.3, Eq, (7¢c).

Also a parameter defined in Eq. (39).

Drag coefficient, dimensionless.

Liquid drop diameter, cm.

Mass mean diameter of droplets produced by the surface ercosion
of a liquid, cm.

Initial diameter of the particles produced by the Taylor ingtability
breakup of a wind deformed liquid, cm, Eq. (41).

Also, liquid droplet diameter, Eq. (89).
Parameter given by Eq. (15).

Parameter given by Eq. (16).
Also the gravitational constant, Eq. (85},

Shear modulus of a liquid, dyne/cmz, Eq. (30).

Wavelength of a capillary wave induced in a liquid surface by
wind stress, cm, Ea. (6).

Also the thickness of a liquid at time t during its wind deformation,
Eq. (36).

Effective thickness of a wind deformed liquid when Taylor breakup
occurs, ¢m, Eq. (47).

Length of the retardant tank on an aircraft, cm, Eq. (33).

Mass formation rate of liquid droplets per unit area of liguid per
unit time by the wind erosion (stripping) of the liquid, gm/cm2 sec,
Eq. (20).

Droplet formation rate per unit area of a liquid per unit time by
the wind erosion of the liquid, l/cmZsec, Eq. (13).

Stagnation pressure, dyne/cmz.
Normal elastic stress in a shearing liquid, dynes/cmz, Eq. (30).
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Ue

Effective radius of the deforming liquid when Taylor breakup
occurs, cm, Eq, (49).

Effective radius of the retardant tank on an aircraft, cm, Eq. (33).

Recoverable shear {elastic strain) of a 1lgquid while undergoing
steady shear, dimensionless, Ea. (30).

Shear rate of a liquid, sec—l. Also the shear rate of a liquid
while undergoing surface erosion, Eq, (28).

Effective shear rate of a liguid while undergoing wind deformation,
sec~l, Eq, (38).

Effective shear rate of a liquid while undergoing Taylor instability
growth, sec™*, Eq. (44). _

Time, sec,

Total breakup time of a liquid undergoing deformation and Taylor
instability growth by wind stress, sec, Eq. (48).

Deformation time of a liquid by wind stress prior to its breakup by
Taylor instability growth, sec, Eq, (34).

Breakup time of a liquid by Taylor instability growth subsequent
to its deformation by wind stress, sec, Eq. {39).

Minimum time a wind must pass over a liquid surface before the
wind stress causes wave growth and particle erosion from the
surface, sec, Eq. (24).

Stress relaxation time of an elastic liquid, sec, Eq, (30).

The stripping breakup time of a liquid particle, sec, Eq. (5).

Liquid velocity induced by wind stress, cm/sec,
Also the impaction or terminal velocity of a falling droplet, Eq. (89).

Air (wind) velocity, knots. Also the relative velocity between a
liquid and an air flow,.

Initial lateral velocity of the liquid particles formed by the Taylor
instability breakup of a deforming liquid, cm/sec, Eq. (50).

Volume of the retardant tank on an aircraft, gallons, Eq. (33).

Yield stress of a liquid, dynes/cmz, p. 49,
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Sheltering parameter of a wind-induced capillary wave, dimen-
sionless, Eq. {7a).

The shear of a ligquid, dimensionless,
Viscosity or effective viscosity of a liquid, poise.

Effective viscosity of a lquid undergoing Taylor instability growth,
poise.

Effective viscosity of a liquid undergoing wind deformation, poise.
Effective viscosity of a flowing lquid, poise, Eq. {31).
Wavelength of a Taylor instability wave, cm, Eq. (40).

Ambient air density, gm/cc. Also, shocked air density.

Liquid density, gm/cc.

Liquid surface tension, dyne/cm.

Also lquid shear stress (ny), dynes,/cm?.

The time required for wind to form and break a capillary wave with
wavelength, L, from a liquid surface, sec, Eq. {(6).
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APPENDIX II
DERIVATION OF EFFECTIVE VISCOSITY EQUATION*

The following discussion presents a rational basis for the charac-
terization of an elastoviscous medium. Starting with a power balance gives

P = $da-Teve U +0U,+D - (1)
where
da is differentlal area
T is the stress tensor
v 1s the particle velocity,
Uy is the strain energy (U; = deV)
D is the dissipation, the dots represent material
time derivatives
U, 1is the kinetic energy (Uy = deV) . wWhere
K = %1—* vk vy (2)
and Py 1s liquid density.

Converting the left hand member of Eq. (1) to a volume integral gives

Joe @ 9)av = [av(p,v-a +D + W) (3)

or - — — *
(V-T)-v+'l’:vv==plv'a +D+ W (4)

The first member of each side of Eq. (4) balance. A modified Stoke's law is
now introduced,

T = ~pl + 21d (5)

*This derivation was obtained by Dr. P, J. Blatz
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where I is the unit tensor, and

d=(+7Tvy)e (I+TVv) -1 (s)ﬁ
As
Therefore
T:vy = N(Ve+ vy +Tvvevv): vy (7)
or
T:v9 =nde (I+7d) (8)

Thus the work that goes into dissipation and strain energy increase consists
of two parts:

(1) Strain energy increase, W = n d-I, and
(2) Viscous dissipation, D = 77 d+d
For one dimensional flow, the term (I +7d) is equivalent to (1+s), where s

is the elastic strain (recoverable shear} of the medium. Therefore the effective
viscosity, Mg+ of the medium is given by

N =n{(1 +s) (9)
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APPENDIX III
DERIVATION OF LIQUID CYLINDER DEFORMATION RATE EQUATIONS*

Consider a cylinder of an incompressible liquid of density p 1 with
an initial length I‘o and initial radius Ro' The front surface of the cylinder is

exposed to wind flow in the normal(z) direction, which exerts a pressure P at the
stagnation point (axis) of the cylinder, The radial stress distribution over the
front face of the cizlinder is assumed to be parabolic, i,e,, - P+ QRZ; over the
back face it is TR“, and along the cylindrical surface it is -U, where R is axial
distance and P, T and U require determination,

The stress components in the liquid are given by

g, =n8-p (1)
Oe.—_nS"p (2)
Uz-:—-ZT]S-p (3)

where 1 is liguid viscosity, S Is shear rate and p is fluld pressure. Utilizing
mass conservation it is assumed that

ézu_—.-g-R; R=R_exp (5/2) (4)

N
i

w:—.——éz; z=L=1_ exp (-8} (5)

where S is total shear, and the dots indicate time derlvatives, From the
momentum balance efquationsg*#*

. s -2

3p S, S
sr = " PRz + ) (6)
_a__E___H —oo L]
5, = plz( S+ 87 (7)
which integrate to give
o .2 - . 2
R, S 8 z R

% This derivation was obtained by Dr. P, J. Blatz.
** The shear terms vanish by definition, and the viscous terms also drop
out since it is postulated that u and w are linear in r and z, respectively.
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Substituting Eq. (8) in Eq. (1) and (3) and evaluating the stress at the liquid
boundaries gives .

2U=—pl(é -s) : (9)
1,8 s
Q=T(T+-2“) (10)
. p lz > 8
1 S S
T-.—.—Z’ﬂS—-pO'*'"Z— (T+T) (11)
Hence
2 2 .2 - e
L] L 02 .. R S S
-P=~3'qS+pl——2——(S HS)-QIT(Z“'*-Z“) (12}

Integrating Eq. (12) gives the shear, 8, of the liquid as a function of time, t,
and initial length and radius of the cylinder, i.e.,

]
t=2KSZ+ZlTTL S (13a)
k> - —8F (13b)

2 2
Py (2LO + RO)

The length, L, and radius, R, of the deforming cylinder at any time is related
to the liquid shear by Eq. {4) and (5).
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