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I. INTRODUCTION AND SUMMARY

A. INTRODUCTION

Contract 26-2888 was awarded to Honeywell Inc. on 22 May 1972 and com-
pleted on 30 March 1973. This final report summarizes results of the effort
that led to recommendation of an Experimental Tank and Gating System and
Test Plan for a definitive experiment to perfect and calibrate simulation

models of tank performance.

The purpose of U.S. Forest Service Contract No. 26-2888 (High-Altitude
Retardant Drop Mechanization Study) was to conduct analyses, design studies,
and laboratory tests of critical elements leading to understanding of improved

methods of aerial retardant dispensing.

The objectives were to produce conceptual retardant dispensing designs and
perform tradeoff studies and laboratory tests of candidate concepts. This
led to the recommendation of the experimental tank and gating system.

Results from retardant drop tests at Porterville, California, and Maranna,
Arizona, became available during the contract and changed both retardant
delivery concepts and contract direction. The tests showed that, in some
cases, higher altitudes improved pattern performance and provided sub-

stantial performance data on a range of tanking systems.

Forest Service studies on Fire Fundamentals, Fuels, and Retardant Effects
were used in contractor studies of vertical fuels coverage and on-target
effectiveness to develop terminal criteria for pattern performance in both
line building and direct attack. The results of these two factors placed
emphasis on advanced cascade systems (as opposed to containerized con-

cepts) in the later stages of study. Data analysis of the Maranna and

..1-.



Porterville tests replaced a substantial amount of contracior lests that

were limited to a look-in basis to gaw. understanding of specific phenomena,

The potential for changes in tactical options, aircrafi availability, and
ultimate potential of new fire fighting techniques was considered 1o assur e
adaptability and capability of future proposed concepts.

B. SUMMARY

Tradeoff studies on alternative conceptual approaches to High-Altitude
Retardant Delivery problems led to ‘the conclusion that advanced cascade
systems offered the most practical approach to achieving improved safety

and effectiveness against the broad spectrum of fires and fire control missions.
These studies included the effect of various delivery options on accuracy,

vertical fuels coverage, and the direct-attack capability.

Direct attack and line building are two legitimate options in fire control

that impose substantially different requirements on the tanking system.
Current tanking systems appear far from optimum in reconciling these
requirements, and, with few exceptions, they are not designed to maximize
capability in terms of either of the two missions. As a result, there is con-
siderable latitude to improve performance of current and new tankers through
understanding of the mission and tanking characteristics that affect per-

formance.

The solution to achieving substantial improvement in aerial retardant delivery
operations requires two related, yet independent, developments:(1) develop-
ment of quantitative tactical models of effectiveness, the concrete specification
of what a tanker should do, and (2) development of the physical and empirical
bases for designing tanking systems to meet these requirements. Effort in

the final portions of this contract was directed specifically toward the latter
objective,
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The complex hydrodynamic events that determine how a pattern develops

from a given release are capable of simulation in such a way that design
characteristics of the tank can be traced to observable characteristics of

the pattern. Dominant characteristics, such as flow rate, volume, door-
opening rates and tank geometry, match, within the accuracy of available input
data, the pattern development downrange from the release. This capability
enables identification of promising and relatively simple approaches to increase
performance in both direct-attack and line-building modes regardless of the
altitude.

Effects of other variables, such as release geometry, multiple-tank releases
and tank-to-tank separation, cannot be quantified from currently available
test data. A definitive experiment is thus recommended to (1) achieve suf-
ficient refinement of input data to the simulation to determine the effect of the
variables on pattern formation on the range leg and (2) determine the effect
of the variables on the development of a pattern in cross range where their

resolution may be amplified.

The recommended experiment has been planned for a test tank designed to
answer specific experimental questions rather than to produce an optimum

tank concept for a specific aircraft. This will enable completion of an extended
general model that can be used in association with the results of tactical
effectiveness studies to establish guidelines for the use of current tankers,
assess practical modifications to improve the current tanker fleet, and provide
quantitative design data for new tankers as they are introduced.



II. THE ROLE OF THE TANKER

To determine what a retardant delivery system should be and subsequently
conduct an evaluation, it is necessary to determine what it should do. The
design study matrix shown in Figure 1 formed the starting point for tradeoff
studies. To evaluate concepts across this matrix, a first logical step was
evaluation of on-target effectiveness. If we can determine the role of the
tanker, and anticipate changes in the mission required by technological
advances, we can then make engineering conclusions leading to the specifica-

tion of tanking characteristics, control and features.

The airtanker is only one of the tools available to the fire boss in the control
or suppression of fires. It is unrealistic to expect technological improve-
ments in aircraft or delivery systems that will make the tanker by itself the
sole resource for suppressing all fires, although in the initial attack of small
fire starts it can potentially decide the issue without the use of ground-based
personnel. Therefore, it is useful to view the tanker within a total mission

context as shown in Figure 2.

Significant improvements in controlling or suppressing wild fire in the next
decade will come from increased understanding of the enemy, the real-time
information available to the fire boss, and improved strategy decisions
resulting from this information. Within this context, the airtanker is a tool
designed to optimize the advances of: Increased Knowledge of the Fire,
Improved Strategy Decisions, and Advanced Training and Coordination. Fuels
characteristics, suppression and retardant missions, and accuracy are dis-

cussed in the following subsections.



RETARDANT

FIXED-WING AIRCRAFT

HELICOPTLR

BOMEB HAY

AFT LOADING

TESY BLD AND
SPECIAL APPLICATIONS

ADVANCED CASCADE
(WITH VARYING RHEOLOGICAL
PROPERTIES)

CONSIDER:

® GRAVITY RELEASE
® GRAVITY AND PRESSURE

CONSIDER:

® PRESSURE EJECT
® PRESSURE AND GRAVITY
® GRAVITY RELEASE

CONSIDER QUICK TURNARQUND

®SLING-LOADED
®RIGIDLY AYTACHED

CONTAINS

{FOR EXAMPLE, PREFILLED
CAPSULES OR BAGGIES, SELF-
FILLING CONTAINERS, FROZEN,
HYBRID OR COMBINATIONS OF

CONSIDER:

® GRAVITY RELEASE
®GRAVITY AND PRESSURE

CONSIDER:

®PRESSURE EJECT
® CONVEYOR

CONSIDER QUICK TURNAROUND
SYSTEMS SUCH AS;

®SLING-LOADED

®OTHER ®PARACHUTE EXTRACTION ORIGIDLY ATTACHED
THE ABOVE, AND OTHER AS eOTHER
PROPOSED BY CONTRACTOR) ® GRAVITY
® COMBINATIONS OF ABOVE
®OTHER
Figure 1. Design Study Matrix

Figure 2,

AIRTANKER

OTHER
RESOURCES

THE AIRTANKER IS A TOOL DESIGNED TO OPTIMIZE
THE ADVANTAGES OF:

INCREASED KNOWLEDGE Of THE FIRE
IMPROVED STRATEGY DECISIONS
ADVANCED TRAINING AND COORDINATION
IN CONTROLLING OR SUPPRESSING WILDFIRE

Role of the Airtanker




A. FUELS CHARACTERISTICS

Considerable research information is now available about the fuels, the
chemistry of burning, and the mechanisms of fire spread and suppression.
Effort is now under way to develop the technology for providing real-time
information on the fire's condition and the contribution of fire weather to the
dynamics of propagation. Fundamentally, the more we know about the enemy
the better we can deal with him, if our response mechanisms, in this case the

airtanker, are provided with options that take advantage of this knowledge.

To represent the range of fires and fuel types that may be encountered, four
baseline fuels were defined by the U.S, Forest Service., These fuels, shown
in Figure 3, represent selected points on a spectrum of potential fires, with
a wide range of characteristics that can be related to the demands on the air
delivery system in both direct-attack (suppression) or line-building (retardant)

missions.

B. SUPPRESSION AND RETARDANT MISSIONS

Retardant delivery missions may be characterized by their intent in terms of
the tactics employed over a wide range of potential fire situations., It is con-
venient to distinguish between two basic intents, i.e., direct attack, in which
the retardant is delivered against the fire to reduce its intensity or to extinguish
it, and indirect attack, in which the retardant is delivered in advance of the
fire front to slow or in some cases extinguish the fire by the action of long-
term retardants on the fuels. This is shown schematically in Figure 4. An
advanced retardant system must maximize the ability to deal with both situa-
tions, although each situation poses substantially different implications for
the airtanker as shown in Figure 5. Essentially, direct attack implies high
concentrations of water and thickeners delivered with sufficient energy to

penetrate the fire plumes. These concentrations require high accuracy,

_6_
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bencfit from low altitudes, and suggest small aircraft with considerable
maneuverability. Treatment of the fuels in advance of the fire generally
benefits from higher altitude to generate wide and long patterns of relatively
low density. These patterns require gross accuracy (the ability to overlap
patterns or apply coverage to geographically selected locations), rely pri-
marily on long-term retardant salts and, since they are not delivered on the
fire, place a premium on ground personnel safety. In addition direct attack,
if successful, has obvious immediate benefits. The significance of line build-
ing, however, is in its use in close coordination with other elements of the
suppression mission, and it is seldom a sufficient end in itself. The time
saved by a single pattern with a typical width of 100 feet is highly dependent
on the fire spread rate and the amount of reduction afforded by fuel treatment.
In extreme fires (500 feet per minute) the saving is insignificant -- about

0.2 minute per pattern yielding a treatment halving the spread rate, Nor is the
amount of stand saved as a result of this savings significant in itself. On the
other hand, reduction of intensity is roughly related to the square of the ratios
of the treated to untreated spread rates, and herein resides substantial leverage
on the fire. It is tantamount to the "knockdown'' spoken of in conventional fire
fighting and is relatable to the ability of the fire to cross a weak natural
barrier, or to the ease with which ground or subsequent air attack can achieve
suppression, This does not deny the fact that in some cases fuel treatment
alone can extinguish the fire, but it yields the conclusion that: primary effect

of long-term retardants is "knockdown, "

i.e,, the reduction of fire intensity.
The indirect attack mode is the easiest to characterize analytically because it
is based on a singular rather than complex set of phenomena. Specifically,

it requires distribution of an initially wet but subsequently dehydrated salt
concentration on the fuel surface area. The effect of salt concentration on the
fuel is measurable in terms of the resulting fire spread rate. The effect of
moisture introduced as a means of salt delivery on spread rate can also be
assessed, although in the typical low-humidity, high-temperature situation
conducive to fires, this effect is .emporal and ceases to contribute signifi-

cantly if the line is inuch in advance of the fire front.
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Although the primary effects of a retardant salt are to reduce the fire spread
rate through the treated fuel, in some cases it is theoretically possible and

potentially practical to zero the fire rate (essentially suppressing the fire) by
means of the dry salt concentration alone. In any case, the amount of retar-
dant to achieve prescribed levels of effectiveness is determined primarily by

the concentration onthe fuels.

Direct attack on the fire is considerably more complex phenomenologically,
and the force that must be applied to effect a significant change in the fire
condition is a function of the fire intensity. Since the controlling force must
be applied at or near the base of the flame, i.e., within the reaction zone, any
force delivered from the top of the flame must penetrate the plume, and only
that which survives this penetration can produce a significant effect on com-
bustion. There is a distinct limit therefore to the flame pressure (or the
thermal updraft) that a given object (or drop) can penetrate, particularly in a
free-fall mode.

Figure 6 shows schematically the protective effect of the fire updraft. A fire
of a given width, d, generates an updraft with a velocity generally considered
relatable to the mass reaction rate. Velocities up to 65 feet per second based
on fire-related phenomena have been estimated (45-mph estimate for vertical
velocities in the Sundance Fire).(l) In windy conditions, the resultant jet
deflects droplets of rain or retardant resulting in a potentially large protected
area; i, e,, with a 30-foot flame width, a 40-fps updraft, and a 10-mph wind,

(2)

the protected span for raindrops can extend 100 feet from the fire front,

Figure 7 shows the effect of these conditions on typical retardants delivered

as droplets from high altitudes. Figure 7a shows the limit condition vertical
updraft penetration based on the ballistic coefficient of drops taken from Aero-
space Corp. data estimating water and retardant drop distributions. Figure 7b
relates droplet terminal velocities to the protected span for a 10-foot wide
reaction zone, From these values it can be seen that for high-intensity fires

_11_
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the only practical approach in air attack is treatment of the fuels in advance

of the fire.

As the fire increases in intensity, the concentration required to penetrate the
plume and establish a sufficient cooling thrust will soon exceed the concen-
tration required to modify the spread rate in long-term retardant application.
This condition suggests a limit condition above which delivery should be in
advance of the reaction front, With the consequent reduction in spread rate
and hence intensity, it may then be practical to consider direct attack against
the weakened flame. In other words, the sequence of delivery strategies

supplants the cooling flux rate in traditional knockdown time studies.

Since the analysis of tactics of suppression and the study of suppressants
per se is beyond the scope of the current contract, it is necessary to establish
some limiting ground rules on the direct-attack situation to assure that

response capability is maximized in situations where direct attack is the most
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appropriate tactic. It was initially agreed that the direct-attack option is
most critical in an initial response condition when the fire is small, on the
order of 1 to 10 square feet, and may be alternately glowing or actively
burning, or of relatively low intensity covering 200 to 1, 000 square feet, In
both cases, suppressant concentrations compatible with the upper levels of
desired retardant concentrations should be effective. The small fire will be
treated as a control on accurate and repeatable delivery, i.e., a point target
against which some volume increment must be aimed to provide an effective
pattern encompassing the fire. A control factor in the larger fire is effec-
tively the ballistic coefficient of the droplets or containers that is relatable

to the ability to penetrate a fire plume.

Subsequent analvsis has shown that, based on studies of vertical fuel modeling

(3)

and Canadian data on water as a suppressant, more detailed guidelines can
be generated. Although such an exercise is speculative, it is based on the
best information to date. Further studies to quantify relationships suggested
in the following discussion are recommended to refine these tactical considera-

tions.

Little data have been generated on the quantities of material required to sup-
press a fire from the air, nor is there any agreement on the characteristic of

(3)

the fire that determines this value, Canadian studies have evaluated the
amount of water to suppress test fires of low intensity (measured on the
Byram Intensity Scale), while the effects of viscous water and retardant salts
have been evaluated in conventional fire fighting., Sprinkler studies in which
the fire-fighting fluid is delivered from above the fire generally concede that
the primary effects are cooling of the adjacent fuels and the air above the
flame rather than the fire itself, i.e., the ligquid is substantially shed by the
flame plume; its primary function is to prevent spread, allowing the flame to
burn out by means of fuel starvation. In any case, we do not have a cooling

flux in aerial delivery so much as a cooling impulse.
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To place the direct-attack and line-building roles in perspective, a qualitative
analysis of the two tactical options was undertaken, Figure 8 shows a summary

plot of the Canadian data(g)

on water required to suppress two fires of low
intensity. In at least one fuel (Balsam Fir Slash), the curves were found to

extrapolate with reasonable accuracy to fires of higher intensity.

Further examination of the data would appear to order the effects of direct
suppression versus the short-term retardant effects of the water on the test
fuel beds. This is liberally interpreted in Figure 9 as a method of estimating
the effect of retardants versus water capabilities in the suppression mission,
Note that in the experiment water was delivered not simply to the reaction
zone but to the entire fuel bed. When the fire was not actually extinguished by
the application it could still be suppressed while traversing the treated fuel,
It was further reported that on reignition the spread rate and intensity were
reduced considerably. The curves for extinguishment and delayed extinguish-
ment diverge quite rapidly indicating the difference in force required to

operate on the fire or on the fuel to achieve the same end.

A report on the effect of viscous water in fire fighting characterizes three
stages of fire suppression: knockdown, flame extinguishment, and total
extinguishment as a function of application times. ) If we assume that the
volume of application is the critical value, the ratios of the times to achieve
control with viscous materials and water established in the above report can
be used to estimate volume reductions in the aircraft delivery mode that may
be associated with retardants, This is not necessarily a valid assumption in
that the times are large compared™ to those achieved in air drops, but it

should yield a limit condition,

*The application of a flux differs significantly from an impulse or single
treatment in several respects. A molecular thickness of water is sufficient
to prevent fuel burning if it is continuously replaced at a sufficient rate.
Additionally, the application of a spray to a flame gains penetration as initial
particles erode or reduce the heat shield.
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The Grove data show that the effects of viscous water are relatively constant
above 20 centipoise., The improvements in application time over water for

each stage were reported as follows:

Percent Time Less Than Water

Knockdown 40
Flame Extinguishment 52
Total Extinguishment 28

The report also shows that the retardant salts do not significantly change
extinguishment times for the various preburn times., It is likely, however,
that the salts would have shown an effect if they had been used in the Canadian

tests.

Using the above assumption, the limit conditions on the relative changes in
Canadian results caused by the use of a retardant as opposed to water can be

estimated as shown in Figure 10,
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Figure 10, Quantities to Achieve Suppression Adjusted for
Retardant Effects
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Letting Canadian data for pine needles and Black Spruce slash represent the
range of fires of interest, and adjusting the volumetric relationships in terms
of retardants, the region of suppression plotted on a logarithmic scale of
Byram's intensity is shown in Figure 11. The data show that only a small
range of the fire fuel spectrum is subject to direct suppression with quantities
achievable in a single aerial attack,
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Figure 11. Quantities of Retardant Required to Suppress
Low-Intensity Fires

Honeywell studies(S)

modeling the application of retardant to vertical fuel
structures show that the amount of retardant that will drip and run to coat the
vertical fuels and the film thickness that will remain on the fuel surfaces
(without running off) reach a definite tradeoff limit. These limits, determined
substantially by the rheology of the retardant, are similar to those experienced
in rainfall, The model was based on Forest Hydrological studies, making use
of the Grah-Wilson concept of equivalent film thickness. Effects of the coatings
were based on a retardant effectiveness parameter developed by the Forest

(6)

Service .
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The graph in Figure 12 shows the reduction in intensity or knockdown achie-
vable by retardant application to the fuels in front of the fire, This reduction
is important in minimizing the ability of the fire to jump a physical barricer or

in preparing the fire for subsequent direct attack by ground or air operations.

For an effective direct-attack system, the desirable characteristics of the
terminal condition of the retardant can be specified in terms of several

interrelated variables,

Relatively high treatment levels reduce pattern area potentials and conse-
quently place a premium on accuracy because errors cannot be accommodated
strictly by larger, less dense patterns. This accuracy is aided by providing
high momentum for the retardant cloud, making the trajectory long, and
simultaneously minimizing the effects of wind on pattern placement error.
The high momentum also exerts a fundamental influence on the terminal
effectiveness by improving the ability of the retardant to penetrate the fire-
wind and flame plume,

The significance of momentum in direct attack arises because the fire
generates its own windscreen that deflects small drops, essentially generating
a protected area, This is significant in direct attack because effectiveness is
based not only on the quantity delivered, but on the ballistic energy available

to penetrate the fire curtain,

In contrast to direct-attack requirements, the line-building problem is
dominated by the need to spread retardant effects over a wide area and to
achieve a relatively thin film over the fuels. Momentum is a lesser con-
sideration and may indeed work against the film thickness retained by the
fuels by shaking them, viz, lesser amounts of water are retained in a wind-
driven rain than in a gentle rain. Evidence also suggests that a pattern that
achieves its steady-state momentum early in its flight history remains rela-
tively more stable throughout its flight from high altitude than a system

designed to maintain its momentum for deep peneiration,
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Figure 13 relates Byram intensities to various levels of coverupge on the fucl.;
of interest. [t also rclates the effects of the mincral damping coefficient
(long-term retardant) to various treatment levels tor the vertical fuels of
interest. These levels are cssentially independent of fire intensity,  Actual
values are based somewhat speculatively on the effect of retardant on Lhe
normalized fire spread rate predicted in the vertical fuels coverage mode)
for a retardant belicved typical (four times the Grah-Wilson (ilm thickness
of water). Under the techniques used for estimating effects, a reduction in
the damping coefficient canses a proportionate reduction both in spread rate

and intensity, This results in dramatic changes in lyram's intensity.
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Although the actual values in Figure 13 must bhe regarded as speculative, the
order of effects shown is believed valid, Specifically, as the fire grows in
intensity, the volume demands for suppression soon exceed the capability of
the air tankers, At this point, treatment of the Meels in advance of the lire
front becomes the only practical option, Subscequent dircectl attack, when the
fire enters and is knocked down in the treated region, can then potentially

extinguish the flame tront.

such sequential attack should be effective for most fires and, indeed, more
effective *hian single passes with larger pattern concentrations,  This results
because there is a limit to the amount of retardant that o vertical fuel can
contain, in the case of crown fires, it appears that the retardant damping

action can only reduce the fire o some extent,

It is believed that both grass and litter fires are suppressible under most
conditions in direct attack by a combination of suppressant and retardant

actions.

On the basis of the above study, the following levels of retardant coverage

may be specified as legitimate options for a retardant aircraft:

Grass = 0.5to 1.0 gpc (gallons per 100 feet)
Chaparral = 4 to 5 gpe
Crowns = 2 to 5 gpc
Litter = 3 to 4 gpc

In addition, certain guidelines for pattern width, length, and the associated

value of accuracy may be maintained.

] Where the fire is not suppressed, pattern width is of signifi-

cant value, It determines the time over which the reaction
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front is delayed, the time requirved and time accuracy ol the
second (or third) pass attack. It ¢stablishes the ballistic accu-

racy with which the system can hit the fire front.

® Where the fire is suppressed, iength alone dominutes,

° When there is an option, the ability of a single airceraft to make
two passes over the same arca on a single flight is potentially

of considerable value.

C. ACCURACY

In most situations, accuracy of pattern placement is an important factor
(Figure 14) that influences both tank design and aircraft selection decisions,
[t is particularly important in direct attack, but remains generally significant
in retardant missions as the placement of the pattern with respect to other
drops or geographical conditions may well determine the success of the aerial

attack.

To determine the effect of accuracy on tank design parameters and develop a
data base for further consideration, an accuracy study was conducted, The
results are summarized here in full recognition that a comprehensive study
regarding specific aircraft and more detailed tank performance would be

required to fully quantify the retardant bombing situation,
There are two conditions that significantly affect the ultimate accuracy of a
system that also relate to design decisions. They are based on the availability

of aircraft aiming aids or avionic support systems as follows:

(1) Without Avionic Support ~- Under these conditions, pilot

experience is the primary determinant of accuracy. The
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(2)

visibility atforded by the aircraft (sight depression angle) and
the maneuverability of the aircraft (allowable delivery altitude)
maximize the pilot's ability to see the aimpoint at the time of
retardant release.  These values roughly determine the altitnde
limits above which the aimpoint passes out of view beneath the
aircraft betore the proper releasc point, with a consequent

increase in release point uncertainty, as shown in Figure 15,

In addition, the condition implies that the tank system deliver
an essentially constant and repeatable trajectory, regardless

of the ground coverage requirements at issue. In this way, the
pilot can develop a "feel" for the trajectory that contributes
substantially to accuracy. The design for a standard trajectory
or ballistic match imposes limits on the flexibility of the tank
because trajectory modifications may be desirable in optimizing

pattern controllability,

With Avionic Support -- With aiming and trajectory aids, air-

craft selection becomes decreasingly critical on visibility and
maneuverability, and altitude limits for accurate delivery be-
come less restrictive. Tank control parameters, including
the modification of trajectory to optimize pattern coverage
regardless of delivery condition, become more flexible with a

consequent increase in effectiveness.

The first of these conditions represents most closely current
practice, and was chosen for initial evaluation. It relates
closely with the military problem of strafing or bombing and

is consequently amenable to the same analysis, Although many
of the characteristics are a function of the aircraft rather than
the tank and gating system, capabilities of the retardant delivery

system are best defined in the total context,
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What is a Delivery Iinvelope ”

The technique used in the development of a delivery envelope is summarized
in Figure 16. As shown in the figure, the first input necessary {o determine
the delivery envelope is the retardant trajcctory or the line of flight followed

by a hypothetical pattern center from relcase to the ground,

How Does Retardant Trajectory Affect the Delivery linvelope®

Ilxamination of test data on existing systems (straight and level flight) shows
that there is considerable choice in the type of trajectory that may be deveioped,
and this is a choice made by selection of tank characteristics. (The actual
trajectory is further modified by aircraft release conditions.) Detailed photo

analysis was therefore conducted to determine the trajectories of two systems.

Two aircraft were selected from the Maranna tests. The Aero Unjon 13-117
that produced one of the longest trajectories and the Cl.-215 that produced a
more moderate trajectory were examined in detail, A third option, in which
the breakup and consequent slowdown of the liquid mass was immediate was
then extrapolated to allow evaluation of the full range of potential variation,

The three trajectories are shown in Figure 17,

The effect of trajectory selection on the visible accuracy limit is readily
examined in Figure 18, Note that there is considerable increase in the altitude
over which the target is visible as the trajectory length or range value increases.
The importance of aircraft visibility angles is also shown for a realistic range
between 15 and 25 degrees. The significance of visibility indeed becomes more

pronounced as the trajectory range increases.

_27_



(1) KNOWING THE TRAJECTORY, WE GRAPH (2) A SET OF THESE GRAPHS IS THEN
THE AIRCRAFT POSITION IN SPACE GENERATED FOR ALLOWABLE

AT TIME OF RELEASE TO CENTER PATTERN AIRCRAFT DIVE ANGLES
ON AIMPOINT

(3) APULLOUT LIMIT

IS THEN IMPOSED
(LEVEL FLIGHT) —¥] BASED ON AIRCRAFT

G LOADS, VELOCITY,
ANDASAAFECEROU ND
CLEARANCE
RETARDANT aand
— 20 44— 10° DIVE
= T TRAJECTORY " | EvEL rLichT
/ = [
w 2 2 G PULLUP
/ [
3 = i
=t _
— <
2! 3G PULLUP /
Rl
| SAE“ERCARN%UEND 7 -
AIM POINT L L -
I .—Efwur .1_._._ P
¥ x
GROUND RANGE GROUND RANGE
{4) THE PILCT VISIBILITY OR SIGHT
DEPRESSION ANGLE 1S MEASURED | ¥ — amdB
FROM THE HORIZONTAL AS THE ———
DOWNWARD LINE OF SIGHT ACROSS — K
THE AIRCRAFT NOSE - .
SLIGHT DEPRESSION ANGLE
T&Y THIS DEFINES THE ENVLOPE FOR
(5} THE SIGHT DEPRESSION LIMIT MOST EFFECTIVE RETARDANT DELIVERY
IS THEN IMPOSED ON THE IN TERMS OF ACCURACY. THE RELATIVE
DELIVERY GRAPHS ' SIZE OF THE ENVELOPE IS ONE MEASURE
oving \ OF DELIVERY

LIMIT A FLEXIBILITY
VISIBILITY
25° \
\ w
= 15 S
= -
= =
= PULLUP - PULLUP
& LT ) VEL FLIGHT
LEVEL FLIGHT LEVEL
GROUND RANGE GROUND RANGE
Figure 16, Definitions — Development of a Delivery Envelope

_28_



500

~
AN v/ll;..ﬂw..il!
N / / AERC UNION £3-] 7
400 N2 -
o
(o]
[t
W
E
-~ 300 | < cL-215
L ~\
u
W ol
[4%)
S 200 | & |
= o = o0
= 2 (& FROM FiLM
S e o— ANALYSIS OF
<8 DROP TE515
100 g "7
< |
(o4
: |
>
lad
— 1 : . : .
0 100 200 300 490 500 600

GROUND RANGE (FEET:

-

FFigure 17, Nominal Trajectories \ctacevable from
Various Tanking Syvstems

DL PRESSION ANGLL
7ne
/

FAST BRLAKUD /

1,000 o

P CL-21%
w Lo 8-17
ﬂ -
w 800 | /
=}
= /
=
2 400 / LONG TRAJECTORIES
o 1 / INCREASL THE ALTITUDE
7 FOR BEST ACCURACY DELIVCRY
(AL Nm.
r -~
& 400 |
—
S
[ 15°
&
E 200 |

0 200 400 500 300 1,000

GRUUND RANGE TO TARGET IFFE T3

Figure 18, Iiffect of Various Retardant Trajectories on
Visible Accuracy Breakpoint (Level Flight)

-29-



What is the Iffect of Flying Above the Delivery Fnvelope

The emphasis on visibility does not necessarily mean that retardant cannot
be delivered effectively from above the altitude limit. It means that the
target has passed below the aircralt nose, and a time interval must be esti-
mated from this pass under to the release. The uncertainties associated

with this time value reduce aceuracy as shown in Figure 19,
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Figure 19, Accuracy Determinants Above the Visibility Limit

Probabhility of Hit

The delivery envelope is not in itself an accuracy prediction, To determine
reasonable values of accuracy, a probability of hit must be generated., This
is a highly complex calculation requiring the use of a number of standard
computer programs and a considerable backlog of data developed and, in many

cases, standardized by the military. [he process is summarized in Figure 20,
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PROBABILITY QF HIT IS A COMPLLX CALCULATION THAT SUMS U A UMEE R O
UNCERTAINTIES, MANY OF WHICH HAVE LITTLL TO DO WITH THE TANK AND

GATING SYSTEM,
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What is a Probability of Hit nvelope

Just as the delivery envelope is generated by a range of allownble aircraft
delivery conditions, an envelope of expected hit probabilitics can bhe gencrited
showing the expected values for a range of conditions as shown in Fipgure 21,
In this casce, wind establishes the upper and lower values,  The curves are
composites of dive and level flight valucs obtained from separate computer
runs. Such data on a fully characterized aireraft system can be gencrated
for use in mission planning. 1'or purposcs of this study, however, they wore
used to determine the effects of quantity, rctardant form, and trajectory

decisions on system performance. s

1,000 GALLONS AT 2 GPC
OR BETTER

w
1 H 2 4‘ PATTERN AREA INCREASES WITH ALTITUDE
’ < FASTER THAN ERROR INCREASES
a
w
O w
0.8 =28 LEVEL FLIGHT
-
- py-4
= -
- = -FR
uw & | LEVEL FLIGHT TN
o 0 ~6 -l zZ
("}
z It}
- ENVELOPE OF
3 INTERMEDIATE ACCURACIES -
2 044 - DIVES ACHIEVABLE UNDER
S LESSER \VIND
& / CONDITIONS
[=%
0.2+ ~—— 0 ]
PULLOUT %IVE
o 12-MPH CONTINUOL'S
LIMIT FOR - = “~"WIND CONDITIONS
20 DIVE
T T H T T
0 100 200 300 400 500

ALTITUDE (FEET)

I'igure 21, Interpreting ttie Probability of Hit Curves

-32-




What is the Effect of Aircraft Capacity on the
Probability of Hit?

Figures 22 and 23 show the effect of salvo quantity on the probability of hit
for comparable 1, 000-, 2, 000~, and 3, 000-gallon deliveries under two wind
conditions. Figure 24 is a crossplot of the wind data at a fixed probability of
hit of 0,6, or delivery with a 60 percent chance of hitting the aimpoint. The
data show that systems with 1, 000 gallons orless are inadequate for high-
altitude applications, However, they are usually small aircraft that can
negotiate rough terrain to achieve low-altitude release. Nonetheless, larger
quantities should be specified when the lower altitudes are not achievable
under operational conditions. In addition, a true direct-attack capability at

4 gpc or better does not appear to exist below about 1, 500~gallon capacity.

Conversely, the difference between 2, 000 and 3, 000 gallons is not nearly so
pronounced, Consequently, capacities ranging from 2, 000 gallons upward

appear worthy of consideration for high-altitude capability.
The data also show that drop increments much less than 500 gallons are

relatively ineffective in terms of accuracy. Thus, there is little value to the

establishment of fixed tank increments below 500 gallons.

How Important is a Long Trajectory to Probability of Hit"

Figure 25 compares probability curves for a long-trajectory high-momentum
delivery and a moderate trajectory system. They show that the long-trajectory
system is generally superior in the wind case up to about 500 feet. This
improvement in accuracy is mostly in the meaningful range, i.e., in a region
where the probability of hit is 40 percent or better and is consequently of

some significance. In the wind-free condition, this situation is reversed

because the longer trajectory system has not yet achieved its full pattern
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expansion at low altitudes. The significance of this inversion is minor as

both systems have a high likelihood of hitting the aimpoint under these con-

ditions.

What Causes the Reduction in Accuracy Related to Wind?

The severe reduction in accuracy due to wind results from a combination of

three effects:

Uncertainties in the aircraft flight path with respect to the aim-
point. This is represented by crabbing (in aircraft terminology)
and also contributes to ground speed uncertainties., It is not

controllable through the tank and gating system or the retardant

characteristics.

Retardant Pattern Diffusion. A crosswind can potentially
separate droplets of different sizes into diffuse bands in which
smaller droplets are separated from larger ones by distances
roughly proportional to their time of fall. This process would
theoretically result in a wind~influenced reduction of useful
pattern area, with a consequent reduction in accuracy. In test
data, however, the evidence of this diffusion is minor. The
fringe areas of the pattern do deflect, but there is little evi-
dence that the meaningful pattern area is significantly changed,
Although all tests were conducted in relatively low wind condi=
tions, there is evidence in the study of rainstorms that support
this observation, Specifically, smaller drops associated with
large drops become entrained in the aerodynamic wakes of their
larger companions and consequently have been shown to fall at
velocities determined by the larger drops. Since diffusion

thinning of the pattern requires differences in the time of fall,
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entrainment phenomena will substantially reduce actual losses

in pattern area, and they have been ignored in the analysis.

3. Retardant Pattern Deflection. The application of wind to the
retardant cloud causes it to drift windward from the expected
aimpoint. The amount of drift is related to the dominant drop
size and the velocity of the wind. Based on the fall velocity of
Phoschek® " drops taken from film analysis, the dominant drops
are on the order of 1 centimeter in diameter. Wind deflection
for these drops is sizeable as shown in I'igure 26, The values
can be reduced by causing the formation of larger dominant
drops, either through rheological manipulation of the retardant

or through contained delivery.

How Much Will Contained Delivery Increase Accuracy?

The use of a containerized delivery has been suggested to improve accuracy,
particularly in the higher altitude release regions (see Section III.C). To
evaluate this condition, Figure 27 was generated. The container was assumed
to be ideally effective in generating its terminal coverage, It appears that
systematic errors are dominant. Consequently the improvement afforded,
although considerable, fails to bring the accuracy to an acceptabhle level in
most cases, With the reduction in systemic errors with avionic support
systems, this improvement could potentially become meaningful, particularly

for smaller capacity aircraft required to achieve high coverage rates.

*Registered trademark of Monsanto.
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D, CONCILUSION

Although the substance of this study deals with tactics, the data used lack the
precision necessary to make prescriptive statements on tactical policy, The
intent rather is to order thinking on this problem in terms of the delivery
system. Although the results are speculative, they show remarkable agree-
ment with current thinking in retardant applications, The results also suggest
that two passes are better than one in attacking a high-intensity fire because
the long-term retardant effects, although not necessarily capable of extin-
guishing a fire, can knock it down to a point where direct attack can suppress
it. Short-term retardant effects can finish the job when sufficient direct-
attack knockdown is accomplished, or can be applied to achieve knockdown

to a level amenable to direct attack. In other instances, such as against
grass or litter, the combination of all three effects in a direct-attack mode
appear desirable. Extension of these principles suggests that pattern width,
placement accuracy, and duration of effects are quantitatively as important

as the length of the fire line in planning sequential or coordinated attack.

We believe that studies to quantify and define the relationships between direct
attack and line building by the agencies best equipped to conduct them can
yield a significant improvement in fire control by air. It should be noted, of
course, that the implementation of such tactical systems requires sufficiently
accurate field information, coordination, communication, and training to
realize the full potential of the delivery/retardant system that can offer these

attack options.

-40-

"



III. RETARDANT IFORMS

Previous discussions assessed the conditions of terminal effectiveness for
two distinct tanker missions. The next step in the analysis is to relate thesc
terminal requirements to the process whereby the retardant travels from the
aircraft to the ground and the associated implications of the retardant form
on the nature of the pattern and its survivability. Relationship of trajectory
to terminal effectiveness, retardant rheology, and container delivery will be

discussed in the following subsections.

A. RELATIONSHIP OF THE TRAJECTORY TO
TERMINAL EFFECTIVENESS

Photo analyses of retardant drops shows that there are three basic parts to

the retardant trajectory:

1. A period of travel during which the liquid mass, although
changing, remains substantially intact. This portion of
the trajectory gives us range that has been shown to

exert a significant influence on delivery accuracy.

2. A second period during which the retardant breaks up,
losing velocity rapidly and forming the meaningful portion
of the retardant cloud.

3. A third stage during which the formed cloud falls in an

essentially steady-state manner, depending on the com-
pleteness of breakup achieved in the second phase.
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The phases of the trajectory have substantially different uses in the mission
spectrum as shown by the matrix of IFigure 28. They suggest different types

of delivery and consequently different tanking parameters for the two missions

of direct attack and line building.

DIRECT ATTACK

LINE BUILDING

HIGH CONCENTRATION,
DROP ALTITUDE A

MOST FAVORABLE AGAINST SMALL
BUT INTENSE FIRES OR FIRES iN
TIMBER CANOPIES. BEST WINO

POOR LINE-BUILDING
CHARACTERISTICS
BECAUSE OF POOR

DROP ALTITUDE C

LARGE LOW-INTENSITY FIRES IN
LOW WIND CONDITIONS.

PENETRATION, MOST REPEATABLE DISPERSION.
T TRAJECTORY. MOST HAZARDOUS
z ? TO GROUND PERSONNEL .
5.3%
£33 g AFTER INITIAL BREAKUP, USE WHEN MORE AREA COVERAGE GOOD LINE-BUILDING
23 ug DROP ALTITUDE B IS REQUIRED AT LOWER CONCENTRATIONS | CHARACTERISTICS
o9 f THAN AT DROP DISTANCE A. MAY NOT NEAR A FIRE FRONT,
Q = S @ PENETRATE STRONG CONVECTION LESS DRIFT THAN WITH
g g Q 3 COLUMN, DROP DISTANCE C.

i J CLOUD DISPERSION, PROBABLY ACCEPTABLE AGAINST MOST FAVORABLE FOR

BUILDING CONTINUOUS

LINE FROM HIGH ALTITUDES
UNDER LOW WIND CONDITIONS
WHEN ACCURACY {5 NOT
CRITICAL

Figure 28, Comparison of Delivery Conditions for Direct
Attack and Line Building

\.

Based onthe above analysis alone, it would appear that the design problem
was to develop tanks that maximize the length of the intact trajectory. This
also maximizes the distance below the aircraft of the high-momentum por-
tions of the cloud and the accuracy of pattern placement. Line building would
then be achieved simply by selecting appropriately higher altitudes. This
indeed is a legitimate conceptual option. It will maximize the altitude at
which successful direct-attack missions canbeconducted and provide some
order of high-altitude line building.

Unfortunately, other evidenceshows that the efficiency of line building is in a
sense inversely proportional to length of the deep penetration trajectory.
This results from two factors. First, losses occur during the high-velocity
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phase of the trajectory that detract from meaningful recovery in two ways.
These losses are velocity dependent. One form results in fog-like droplets
that evaporate before ground impact. Although modeling of conventional
stripping shows these to be a small fraction of the volume, the fraction in-
creases steadily with time after flow is established. The other losses are the
result of surviving droplets formed by breakup phenomena at an insufficient
rate to generate a continuous pattern. Consequently, fast breakup systems
can be shown to maximize the amount of material contained in the meaning-

ful pattern area.

The second factor that reduces the efficiency of deep penetration systems in
high-altitude line building is in the time rate of pattern change in the so-called
steady-state region of the trajectory. Iigure 29 shows that preservation of
the high momentum produces a cloud that is still changing rapidly as a
function of altitudes. This trend is suggested by Maranna test data, although
the number of samples over the full altitude range is insufficient to yield a

positive assertion.

A more analytic way to evaluate this condition is shown in a normalized plot
of thepattern change (Figure 30). Even though the data analysis is somewhat
limited by lack of drop data in the higher altitude range of interest, there is

some theoretical basis for expecting this condition to occur.

Classical drop formation theory asserts that there is an optimum steady-
state condition for a liquid drop in free fall. It occurs when the drop
terminal velocity results in a pressure that is in equilibrium with the drop
internal pressure substantially determined by the rheological properties of

the fluid. The maximum steady-state raindrop has been shown to be about

0.5 centimeter. It is reported that Phoschek ® XA produces a maximum
steady-state drop of about 1 centimeter. Indeed cloud terminal velocities es-
timated from films suggest Phoschek droplets on the order of 0.5 to 1
centimeter in the final region of the trajectory. Such droplets have relative
low evaporation loss characteristics.
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Figure 30. Normalized Pattern Change as a Function of Altitude

If droplets are larger than this value or traveling at velocities higher than
their terminal velocity, they will continue to break up by one of three tech-
niques conventionally known as: stripping, coaring, or varicose instability.
The net result is continuous migration toward smaller droplets until &

steady-state condition is reached.

Consequently, any excess of momentum after the primary breakup has sub-
stantially offset the aircraft velocity vector will result in continued degrada-
tion of the pattern value and substantially smaller size in the terminal con-
dition. Thus, the maximum steady-state value would be expected to occur if
the forward velocity was dissipated and breakup was complete before the
downward velocity exceeded the velocity of the maximum steady-state drop;
i.e., fast breakup would be expected to provide a maximum altitude resistance

in the pattern.



This analysis leads to a second conceptual proposition that is equally valid

for a certain spectrum of operations. Specifically, it may be stated:
Design to achieve a maximum steady-state momentum condition.
[t can be achieved by two fundamentally different techniques:
° \lanipulation of retardant rheology
° (ontainerized delivery.
B. RETARDANT RULEOLOGY

1. Baseline Retardant

The actual chemistry of retardant formulations, or improvements thereto, is
not the province of this contract, except insofar as they dictate delivery sys-
tem parameters. A good delivery system must be adaptable to retardent
improvements as they are developed. (This is particularly true because the
operational life of an aircraft is long under the typically low annual usage
rates.) Nor can a good delivery system be predicated on a state-of-the-art
improvement in retardant composition. Consequently, we have selected
Phoschek XA as a baseline retardant representative of a good, currently
operational material embodying most of the characteristics contributing to
superior performance. This selection does not iriply that other operational
retardants are inferior; in some instances, depending on mission limits and

target fuel types, they can be shown to have advantages.

2. Retardant Improvements

[t is impossible to conduct a study to evaluate air attack delivery systems
without making observations on the nature of retardants and potential means
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to improve them. The state of the art with respect to the design of non-
Newtonian fluids supports the contention that almost any specifiable character-
istics desired can be designed into a retardant system. This includes the
possibility of fluids that perform differently in the loading pump, the release
environment, the liquid mass breakup stage, drop formation, and subsequent
interaction in the fuels. The problem remains then to specify with reasonable
precision these desired characteristics. This effort could account for a sub-
stantial program in itself, yielding major rewards in terms of improved

effectiveness for retardant systems.

3. Survival, Tank Performance

In addition to retardant characteristics functionally related to the fire or
fuels, there are characteristics that must be preserved to enhance handling,
delivery, and subsequent survival during the trajectory. In some cases,
these additives have no effect on the fuels (such as corrosion inhibitors; in
other cases they are beneficial, such as the iron oxide dies that render
patterns visible to the pilots and function (potentially) as opacifiers generally
believed to be of value in conventional fire-fighting fluids. Fortunately, most
of the qualities desired for fuels coverage for fire attack are compatible

with those characteristics desired for release. For example, long polymers,
used in some retardants as a thickening agent, have been shown to orient
under flow, reducing turbulence and consequently wall friction in pipes.

This is an advantage in loading and ejecting the material. These polymers
have also been said to add streng;c}r;.)and consequently thickness to films

applied to vertical fuel surfaces. In addition, viscosity has a demon-

strated effect on spray-suppression of fires 4)

while damping out high-
frequency instabilities that contribute to small drops in the breakup of the

liquid mass after release from the aircraft,
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4. Drop Size

In the initial view of vertical fuels coverage, the proposition of designing an
optimum drop in terms of the collision cross-section of the fuels was
examined. This approach to drop size specification yields results similar to
those found for insect control, with a resultant importance of achieving
relatively sinall drop sizes. There are two things wrong with this approach
in the retardant application. First, it suggests a very fragile cloud that

‘

exhibits considerable perturbation under relatively quiescent meteorological
conditions and that has a finite liquid life (due to evaporation) with little
likelihood of surviving air drop from altitude. Second, there is an implicit
assumption that only the upward surfaces with respect to a plane of particles
can be coated. (In actuality, particulates are recovered from the leeward

side of coated objects, but the quantities recovered are very small.) It

should be noted, in addition, that the optimum spray for a cloud supported in
the trees is less than 200 microns, with anything larger said to be useless. (@)
This suggests that only particles above 0. 2 millimeter in diameter are captured
by the vertical fuels.

Subsequent studies show that fuels are most effectively coated by a combination

of dynamic impact and subsequent drip and run. The resultant splash and flow -
show a relatively good capability to cover all fine fuel surfaces, with the pos-

sible exception of broad leaves. This can be observed in dense trees such as

Douglas Fir during a prolonged rain or duplicated by dropping retardant on

complex fuel-like structures.

The ability of droplets to recombine on a fuels plain imposes a theoretical

lower limit on drop size, i.e., wherein the kinetic energy of impact is suf-
ficient to break interfacial tensions between the two droplets. If we approximate
this condition by asserting that the kinetic energy of impact must equal the

surface energy of the drop, size can be expressed by:

rv2p:60
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where r is the drop radius, v is the drop velocity, p the liquid density and o
the surface energy. Using Stokes law to estimate velocity in terms of drop
size, the diameter (d) of the drop (in mils) to meet these conditions is:

a~(3 olap)t/®

For water, this suggests that droplets much less than 2.25 millimeters in
diameter, are too small to assure recombination on impact. To evaluate
the ability of fetardant droplets to cover an area on impact, 5-millimeter
drops were released from an eyedropper and recovered on a sheet of pgper
after about 30 feet of free fall. (This was an uncontrolled experiment in that

retardant characteristics other than those at issue were not thoroughly mea-

sured.) Splash pattern data were then calculated as follows:

Splash Splash Film Eq“ilg’.ailem
Diameter (Cubic Thickness gpe 1im
{Centimeters) uot (M llimeters) | Equivalent | Thickness
Centimeters) (Inches)
Ink } 2,0 3.1 0.2 0.5 0.0078
phoschek®' .8 6.1 0.1 0.25 0.0039
XA
e
Firetrol® 2.4 4.5 0.13 0.35 0.0051
100

The surface area expansions accounted for only a small portion of the

available energy:

Surface area x Surface tension
= Surface energy

Surface Expended Available

Area . Kinetic Kinetic

Cubic Units Energy Energy
Centimeters) (Ergs) (Ergs)
Tnk 6.2 72 450 26, 000
Phoschek xa®* 12.2 62 760 27, 800
Firetrol 100®"“" 9.0 78 860 31, 000

*Registered trademark of Monsanto.
**Registered trademark of Chemionics Industries,
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[t appears, therefore, that there is always an excess of kinetic energy for
the surface energy required to expand the retardant drop. The difference
taken off in heat, mass transfer, the work of adhesion, and other factors is

far more significant in determining drop size.

It is interesting to note that the 5-millimeter water drop produced an equivalent
coverage level of 0.5 gpc, with an equivalent film thickness of 0. 0078 inch.
One-half gpe is the approximate level that Germond analyses® suggest as the
optimum container splash pattern to yield an average pattern coverage of

about 2 gpc. Conversely, it is equivalent to the Grah-Wilson film thickress
parameter for chaparral-like vegetation; consequently, some thinner value
might be desirable. It is also interesting to note that ink was the least
efficient in terms of creating surface, and that the two retardants were com-
parable. It would, however, take a far more lengthy study with considerably

more experimentation to draw meaningful conclusions.

Energy available to create area from the falling drop in some portion of the

kinetic energy of impact

or

2
KmV t/2 = szL/Z or (K) impact energy = lateral energy
where

K is a dominating efficiency
m is the drop mass
V, is the vertical terminal velocity

t

& is the resultant lateral velocity.

*Section II, C.
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Since the masses involved in the drop and subsequent splash arc the same,
the problem is essentially one of relating the impact velocity to the equivalent
lateral velocity. Ior spheres, the terminal velocity approaches a limit value
(for water about 900 centimeters/second. Conversely, the lateral velocity
(used here as a scalar value of energy) continues to increase as a function of
the drop volume (rs). This suggests that there is a crossover above which
the available energy is insufficient to create the desired expansion. The

pure value can be estimated several ways and yields relatively large drop
size values, but this means little because energy-coupling coefficients
dominate the problem as shown by the drop splash experiments. Specifically,
both retardants could benefit from somewhat larger drops, whereas ink pro-
duced an area coverage close to that we might specify to achieve the requisite

coverage.

Using the experimental splash data to calculate the efficiency constant, K,
the graph of Figure 31 was generated based on the approximation

K Vcoverage level (gpc) = drop diameter. Although this is an extremely
simplified approximation, it suggests that drop sizes on the order of 0.5 to
1.5 centimeters are close to optimum for materials of these rheologies.

It is significant that rheology characteristics that tend to increase the stable
free-fall drop size may themselves resist the lateral forces that develop the
splash pattern. In this respect, thixotropes that act like water at the high
shear rates of impact should offer the best area increase. It is also true
that as size is increased from rheological controls, the expandability of the

drop splash becomes limited and the true contained material that splashes

like water after the container fractures will yield better values.
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5. Ice

Ice has been suggested for retardant usage because of its:

° Superior cooling capability

e Superior airdrop survivability.

The cooling capacity yields about 20 percent more cooling per weight than
water because cooling in the fire environment is dominated not by the heat of
fusion but by the heat of vaporization. (This advantage is somewhat less if

salt water/retardants are considered.)

Ice can take forms ranging from flakes to hailstones. For flakes, the time
of fall is long compared to the melt time, but this ratio reverses as the area/

mass ratio of the shape decreases.

Preliminary evaluation indicates that, even assuming a high melt rate, a
hailstone 1. 6 inches in diameter will lose only 50 percent of its solid volume
in a drop of 1, 000 feet. However, traversing a 10-foot flame in 0. 1 second,
this hailstone will only transfer 7.4 gram-calories from the flame. Nor

will the hailstone be effective on aerial fuels because no more than 50 percent
of the volume is available as liquid assuming no loss from stripping. The

solid stone will simply penetrate the aerial fuels.

Nevertheless hailstones may be effective against litter as the solid will deliver

a thin layer of retardant to the floor beneath the canopy.

The ice flake has a potential advantage in preforming uniform droplets.
Figure 32 shows schematically the relationship of ice crystals to slowdown
and the melt time to form essentially predesigned manufactured droplets of

uniform size.
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Consultation with North Star Ice Equipment Co., Seattle, Washington, on
high-rate ice making equipment shows an approximate linear relationship of
equipment cost to rate on the order of %1, 700 per ton per day. The cost of
ice runs at about $1 per ton, or about $0.022 per gallon. "The equipment cost

is compared with aircraft delivery rates in Figure 33.

[t is apparent from these data that practical equipment cost values must be
based on a three-for-one production-to-use basis, in other words, 24 hours

of production to support an 8-hour fire day.

The marked point on the vertical scale represents a large portable unit with

a 180-ton-per-day capacity. This equipment can be mounted on two flat-

bed trucks, costs $300, 000 plus truck costs, and is potentially leasable during
the fire season. Such equipment could be used on remote location for helicopter
support. However, the relatively low rates compared with helicopter operations,

and the uncertainty of the location for remote operations prior to the fire,
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Figure 33. Icemaker Equipment Costs to Support One Aircraft

suggest that it is impractical because substantial quantities of the first day's
capacity must be trucked in or additional units must be supplied. Since first-
day operations are critical, it does not appear practical to consider this
equipment for operation from the field. This is not a severe limitation be-

cause the ice concepts have little value in the helicopter delivery conditions.

North Star ice-making equipment is not the only equipment that could be con-
sidered, but it is a well designed, high-rate ice maker that produces flake
ice and has the ability to handle salt water (presumed equivalent to retardant),
It was not considered necessary to determine competitive equipment costs
because it appears that a large cost reduction would be required to achieve a
practical fixed facilities cost. Specifically, the cost of the ice-making
equipment to support one P2V would range from 2 to 3 times the cost of the

aircraft.



. CONTAINER DELIVERY

A methodology for concept formulation of contained drops was developed.
Two independent aspects of the investigation were recognized and defined:
the operational and the logistic.

The operational features of prime interest were:

. Retardant dispersion technique
. Container sive

° Container design.

1. Dispersion Techniques

Retardant dispersion techniques for this level of study were defined as
natural and forced. WNatural dispersion is that obtained by releasing the
entire container volume to the atmosphere or allowing it to break on impact
without energy input to break it up or impose some initial velocity. Forced
dispersion is defined generally as a technique for increasing the horizontal
spread of retardant beyond that obtainable by natural means. Enhancement
of vertical spread was considered less important because gravity would pro-

vide this feature in any dispersion mode.

Two specific forced dispersion concepts were established for additional
definition. The first concept consists of spherically symmetric dispersion
from a central point as would be obtained by a gas expanding within a volume

of retardant. This concept should be amenable to simple modeling to determine
the critical variables and the degree to which uniform coverage can be

obtained. The second concept consists of a nozzle or a collection of nozzles
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located around the container surface to provide lateral dispersion. The con
tainer would require pressure to provide flow through the nozzles. Again,

the concept should be amenable to simple modeling.

[n both concepts, dispersion was considered to be of low energy to prevent

making an aerosol of the retardant with consequent excessive evaporation.

2. Container Size

The size of the container was found to be the most significant independent
variable. The event altitude, container design, target effects, and logistic
aspects can most easily be discussed in terms of container size. The size
range considered was an unrestricted as possible to allow broad understanding
of the effects of its variation. The lower limit was approximately 0.5 gallon
because previous work had already considered smaller containers. A 100-
gallon container was chosen as an upper limit because it is the largest con-

tainer that could be considered as movable and stowable in an aircraft.

Estimates of the operational aspects of the generalized container concept as
dependent on size are summarized in Table I. These estimates were somewhat
subjective because they were assessed prior to detailed evaluation using

target effects models. The following paragraphs summarize the rationale

presented in Table I.

The number of containers for a full aircraft load was approximated on the
basis of a weight rather than a volume limit. These numbers have a very
large range, depending on the size of the individual container. As stated
earlier, the logistic aspects have not been considered in detail, and
consequently the question, for instance, of stowage of 10, 000 half-gallon
bags in the C-130 has not been addressed.

-57-



_89-

Table I. Operational Characteristics of Container Concepts

RLner No. ol Cantiniers For ]l Cuontituner Deswgn
Size Fual A radt Load |
(Gallms) e - e e
oo v CHAT 1 Materiar | Nata : ‘ Furced Dispersion
h Estimale 1“' “—"I S : B S —
I e e Tarzet 1 Tar:? Tarcet?  Tarvel 3 Tureet]  Tarvet 2 Taruet 3 ° Target 4|
— PO I o TmalWenng T
q . i
0.5 10,000 5HET EEL ! Sl H 1 ' 0 {
i “ll'nl‘,l'lll\‘l("n( ! i } !
i ! |
I | :
] H
I
i P
EI : 5000 3338 1 X o 2 ;
i ! TPolvettndone ' i
H | . ' |
I ' i
Il ' 1l
1 | i i '
: | i | N
5 1000 6675 3ap Molded D3 | i
i Folvethyluie | , trog ~ B0
i \ , S oan
i | i 1mpact Tree Leps
1 i H N !
; 10 5000 | 333 L 1 (Fabne } 4
X | Rennareed |
i ! . Plastic /
: : /
50 1060 687 40 3 .
i
. , Y.
, | \ nr just
! H
100 O S A 1) Riad Wall 6 """‘;0‘0““‘\
: n
| 1 L Strueture s above B

H
Target I-Grass, Tarcet 2-Chaparral, Tarvet 3-{cuglas Fir Crowns. Target 4-Litter Below Crowns.

NOTES (1) Shaded areas 1elale comphance over the size spectruam,
12" Based on low capture cross section to horizontal dispersion and high capture cross section to vertical hspersion.
13 It is assumed that large volumes are not as efticient as small volumes in dispersion by splash.
141 Very small volumes will probably have a low crown impact frequency and are nmpractical in comparisor to large volumes for air eventing techniques.
“5 smail volumes have better chance ol getting through erowns.  Additionally, the capture cross section te horizontal disperston is provabiy 100 iaryge
Lo make tarpge volumes [easible,
1 The efficiency of lurced dispersion probubly decreases with increasing s17e of contamer,

7' Furced dispersion hardware costs probably make verv smull container sizes not cost effective,




Preliminary material estimates are specified in the containcr design

column. The material specified is sufficient to support the associated volurn. .
of retardant, but in general is not sufficient to support a stack of containers.
Estimates are based on the tensile stress developed in filled cylinders as give
in Table II Comparative strengths of polyethvlene are given in Table [T The
parasitic weight estimate is based on a simple pillow bag for the 0. 5-gallon
volume. For the larger sizes, a subjective increasc is shown to account for

structural features required for reinforcing and handling.

Table II. Maximum Tensile Stress in Filled Cylinders

j— R

L

“ |

B

Volume, V 2R Tensile stress, T
{gallons) (inches) (pounds/inch)

0.5 5.28 0. 27

1 6.65 0.43

. 5 11.38 1.26
10 14. 35 2,00

50 24.5 5.85

’ 100 30.8 9.25
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Table III. Comparative Strengths of PPolyethylene lFilm

Film Thickness Tensile Strength
(Mils) (Pounds/inch)
1 0.6
1.5 0.9
3 1.8
) 3.0

NOTI: Based on 600-psi ultimate at 90 degree
elongation for low-density material.

toprojein . tae most appropriate event altitude for each container size as a
function o! dispersion mode and target, the following qualitative guidelines
cencrally apnly. (The term efficiency is defined as the area covered to the

desived refardant density gpe divided by the potential area coverage. The
potential arca coverage is 100 times the container size in gallons divided by
the density desired. This concept of efficiency takes into account the dis-

advantage of cither too sparese or too dense coverage. )

1. The efficiency of natural dispersion due to impact (splash)
decreases as the volume of the container increases. More-
over, the impact surface must be fairly flat, hard, and

impervious to obtain good coverage by splash.

[AV]

The event altitude at which the dispersion efficiency is
maximum will vary with container size and generally is
higher for larger sizes.

3. Increase in velocity will increase dispersion.

These guidelines, together with the four fuel characteristics, were applied

in an attempt to establish ranges of event heights as shown in Table [
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3. Logistics

Figure 34 shows the volumetric requirements for various delivery rate
capabilities. It represents the storage volume required to supply one day's
operation by a single aircraft. The line showing the storage for rigid filled
or self-filling containers represents the total volume (in the case of filled
containers), or the dunnage (container) volume for self-filling devices.
Separate storage of the retardant in the latter case would approximately
double the total. Compressible foam containers considerably reduce this
space allocation to containers.

Rates of delivery for current air and helitankers range from about 20 to

8, 000 gallons per hour for an 8-hour flight period. Aircraft of primary
interest in this study, however, provide potential rates of 700 to 12, 000
gallons per hour. Further, the high-altitude capability sought should extend
the fire fighting day to almost 24 hours.

From the standpoint of this study, two values are of interest: (1) the time to
achieve the first load; (2) the ability to resupply at rates compatible with air-
craft delivery. The daily or 24-hour delivery capability is not of major
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Figure 34. Volumetric Requirements for Various Rate Capabilities
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interest because more effective delivery will potentially reduce the total
volume required to suppress all but the most severe fires. It is nonetheless
realistic to assert that the total volume to suppression will be reduced in
direct relationship with the rate of application in the early stages of fire

operations. The key rate data are tabulated for the baseline aircraft below:

Rate Capability*

Aircraft Load Mi?igr;))ﬁ)m Ma(:v;ipmh;lm
C-130 4,500 4,500 12,000
pP2v 3,000 3,000 8, 000
CH47 A 1,800 700 8,000
CH47 B 1,800 2,000 10, 600

“Rates based on Aerospace data, except C-130
is ratioed to the P2V.

A - Operating from permanent base
B - Operating from remote base.

Using the above factors, there are several significant values to consider

in evaluating the resupply rate capability of containerized delivery:

(1) Time to achieve first load

(2)  Amount of equipment to resupply at rate

(3) Cost of equipment to resupply at rate

(4) Amount of equipment plus storage to resupply at 3:1 ratio

(5) Cost of equipment and storage to resupply at 3:1 ratio.

‘nese value considerations reflect various tactical options or resupply con-
ditions. Factors (1), (2), and (3) reflect the practicality of setting up a
remote station when the fire situation arises (i.e., with equipment brought
in from a central location to either the operational airbase or a remote
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helitanker reloading point) and apply to the first day of operation. Items (4)
and (5) reflect on the practicality of a fixed installation plus a 16-hour storage
reserve, with equipment permanently installed or brought in on standby for

the fire situation.

The fixed cost of ground-based equipment for producing expendables for use
in fire retardant delivery is, in general, an insignificant contribution to the
cost of delivered retardants, although it is a factor in the decision to imple-
ment a given system. The reason for this is that the equipment is not heavily
used. It is typically required to provide about 100 aircraft loads per year,
requiring a maximum of about 300 hours per year of operation compared to
2,000 hours in single-shift production during one year. Consequently, the
equipment becomes obsolete before it wears out. Arbitrarily using a 20-
year obsolescence rate, the fixed equipment costs may be prorated over

2, 000 aircraft loads to provide a worst-case cost estimate. Under these
conditions, $1 million fixed initial expenditure would result in only a 15~

cent increase in the delivered cost of a gallon of retardant. This increase

is easily offset by small potential increases in effectiveness. On the other
hand, to equip 10 bases with facilities costing $1 million each would clearly
be prohibitive. It is, therefore, concluded that initial equipment costs should
not be prorated into costs on a per-gallon basis, but carried as a separate
(approximate) evaluation factor on which decisions to accept or reject a

given concept can be made.

4, Patterns

A canister can protect the retardant fluids in high-altitude delivery so that
losses are minimized, and can provide a method of using thin retardant that
could be advantageous in certain fuels. From safety considerations, the
small container has many advantages over larger sizes. Thus, the main
emphasis was on the small container.
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One of the additional requirements on the patterns other than density is the
need for a continuous line. Therefore the contained system must be capable
of producing the required densities with the continuous treatment requirement.

How these two requirements of coverage and density relate is the first element
of the study.

This idealization is shown in Figure 35. An actual canister breakup will be
spread over an irregular area after breakup or release, and it is convenient
to assume that the rate can be represented as a symmetrical shape as shown
in Figure 35a. The next step in idealizing the breakup is the cylinder shown
in Figure 35H. This idealization is for a coverage area (A) and for a rate (g)
in gallonm'lootz. Thus to design a contained system, these two parameters
arc required Tor the single canister; alternately, to evaluate a known system,
these two tactors will relate the performance of a single canister to the
pattern developed with such a system (Figure 35c¢).

The development by Germond(g)

can be modified for the retardant delivery
and pattern simply by changing the appropriate terms. If each canister has
the right circular cylinder representation with effective radius(R), then for
any small portion of a target of radius (R) to lie outside the effective area of
the canister, that canister must land at a distance as great as R + r from the
center of that portion. If each canister is as likely to strike at one point
inside the target as another, then the probability (P) of this small area
remaining untouched is:

llg_ﬁ

where C is the area of the vegetation target.

The probability (PN) that all N canisters miss this area is:

N
P = P
N !
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Figure 35. Representation of Continuous Coverage by Means
of Individual Splash Patterns
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Assume that the target comprises a number of small areas, and if the possibility
that the target area is covered without overlap is not considered, then the
number of such small areas is C/ﬂrz. The expected number of these small

areas not covered is:

1 Bl .
( ¢ ) g N),or ¢ _”(R+r)2

: 2 1 -
- 1‘3 nr C

The expected area not covered by retardant is the product of this quantity

and the area of these small sections

N
n (R+r)2]

2
E (uncovered area) = C {IN),or C [1 - C

If these sections are very small, the number increases without limit; how-

ever the expected area uncovered will approach a limit

E (uncovered area)= C[1 - m Rz/CiN

-NA/C

which can be approximated by C e if the area for each canister is

small compared to the total area:

E {(covered area) = C (1 - e_NA/C

)
To apply the Germond formula, consider the coverage of a vegetation stand

(C) with canisters of a known area (A) so that the fraction untreated is 1.0
percent:

0.01 =¢e C so that

NA/C = 4,861

This means that the number required is:

N = (4.861) (C)/A
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Normally, the treatment of vegetation stands is specified in terms of gpe, and
to modify the Germond formula for this requirement, considcr the fwo possi-

bilities that can be used to define continuity of pattern:

° Minimum rate of retardant application is the equivalent
continuous level; i. e., a pattern has a minimum of 2

gpc with 2 percent coverage.

° Average rate of application is the equivalent average
rate to the continuous level, i, e.,, average rate of 2

gpc with 2 percent coverage.

Of these two possibilities, the easiest requirement to meet is the latter,
and this would limit over-treatment of the bulk of the pattern specified by the
first definition. With this specification, the average rate in the pattern is:

G=NgA/C

where
g = rate of a single canister
A = area of a single canister
N = number of canisters
C = pattern area.

The ratio of G/g is the value of the exponential set by the fraction covered.
This relationship is useful in relating the optimum pattern area for a single
canister of known size. Figure 36 shows the relationship for three pattern

application rates.

Some of the important factors from this graph are:
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Figure 36. Area Coverage as a Function of Container Size

The average level in a pattern has distinct pattern breakup for the
single canister; e. g., a 0. 1-gallon container must be capable of cover-
ing 46 square feet at 1 gpe, or 11. 5 square feet at 4 gpc.

A compromise value at 2 gpc is probably the way the container would
have to be designed.

Spreading of the fluid over the area for optimum pattern size is
appreciable. At 23 square feet this would be a continuous thickness

of t = 23,1/(144) (23) = 0. 007 inch.

The key issue in implementing such a concept is an inexpensive method

of dispersing the retardant on impact.
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Another key issue in contained delivery is the extent to which a dispersing
system can distribute retardants in the vegetation stand. A canister that
distributes cargo on impact by lateral motion can be inhibited within a
stand. As an example of this kind of reduction in spread, Honeywell has
data indicating the reduction in lateral motion as follows:

Environment Relative Travel
Lawn 1.00
Light Pine Forest 0.74
Heavy Forest 0.32
Savanna 0. 54

The matter of breakup in the vegetation stand could be studied with the
Honeywell Munition Canopy program; however, there is sufficient information
on this type of entry to suggest that there are significant problems in producing
breakup in aerial vegetation. It appears that contained delivery would be
applied mainly to special purpose conditions that required delivery of a thin
retardant on low-level fuels under a canopy.

5. Concept Evaluation

Some specific drop concepts and assessments of their characteristics appear
in Appendix A. In general, they appear to be unnecessarily complex, involve
a heavy penalty of parasitic weight and are unduly expensive, However, the
plastic pouch, delivery of dry salts, and airburst container may be considered
further.

a. Plastic Pouch -~ Contained delivery in plastic bags requires either a cen-

tral packaging facility or an on-line pouching operation. Rates of current auto-
matic equipment for filling and sealing baggies are shown with aircraft rate

capabilities in Figure 37. Current rates were estimated as a straight line
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between two data points, 400 one-ounce packets per minute, and 30- to §U-
quart pouches per minute. The time-limiting factor is the time to heat-weld
and cool the seal by impulse sealing, dielectric, or radio frequency techniques,
depending on the material,

3000 L~ €-130 MAXIMUM RATE (FIELD OPERATIONS)
. ~LH47 MAXIMUM RATE
- P2V MAXIMUM RATL POUCH PRODUCTION RATF EVALUATION
2,500 THE TIMC TO HEAT. WELD AND COOL
C(-130 (1 LOAD/HOUR HE FILM LIMITS THE SPEED OF A
304 POUCH-MAKING OPERATION.
2,000

~4-QUNCE BAGGIE

Py
MibibaG R
RATL 1,500

- 24HOUR OPERATION

H A 31 PRODUCTION

PULTIES PER MINUTE

LHe -1
MINIMUA RATE
FIELD

GPERATIONS
500
s
SHORT-TERM - =~
INDUSTRY
0AL

CURRENT POUCHER
RATES

POUCH CAPACITY (GALLONS)

Figure 37. Poucher Equipment Production Versus Aircraft Rate Capability

The analysis shows the capability of a single-head poucher. Approximate
cost is $12, 000 per poucher, To support a P2V at maximum rate would
require an initial expenditure of about $6, 000 per aircraft if the 4-ounce,
on-line bagging approach is selected, These costs do not appear prohibitive,
although the amount of equipment to support a helicopter in field operations

probably makes the approach impractical for this application,

b, Delivery of Dry Salts -- Since fire retardation in a long-term sense is

based on the concentration of salt on the fuel, a considerable increase in
coverage potential theoretically can be achieved in terms of payload weight.
This is shown in Figure 38 as a function of the increase in area as the salt

approaches 100 percent of the retardant weight.
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Another key issue in contained delivery is the extent to which a dispersing
system can distribute retardants in the vegetation stand. A canister that
distributes cargo on impact by lateral motion can be inhibited within a
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plastic pouch, delivery of dry salts, and airburst container may be considered

further.

a. Plastic Pouch ~- Contained delivery in plastic bags requires either a cen-

tral packaging facility or an on-line pouching operation. Rates of current auto-
matic equipment for filling and sealing baggies are shown with aircraft rate

capabilities in Figure 37, Current rates were estimated as a straight line
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between two data points, 400 one-ounce packets per minute, and 30- to 60-
quart pouches per minute, The time-limiting factor is the time to heat-weld
and cool the seal by impulse sealing, dielectric, or radio frequency techniques,
depending on the material.
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Figure 37. Poucher Equipment Production Versus Aircraft Rate Capability

The analysis shows the capability of a single-head poucher, Approximate
cost is $12,000 per poucher. To support a P2V at maximum rate would
require an initial expenditure of about ®6, 000 per aircraft if the 4~ounce,
on-line bagging approach is selected, These costs do not appear prohibitive,
although the amount of equipment to support a helicopter in field operations

probably makes the approach impractical for this application,

b. Delivery of Dry Salts -- Since fire retardation in a long-term sense is

based on the concentration of salt on the fuel, a considerable increase in
coverage potential theoretically can be achieved in terms of payload weight.
This is shown in Figure 38 as a function of the increase in area as the salt

approaches 100 percent of the retardant weight,
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Figure 38. Potential of Dry Salt Fog Generator

Since dry salts ground to particle sizes with a coating affinity for fuels will
settle slowly and drift considerably, such systems are limited to groundburst
containers, The principle is shown in Figure 39, Energy must be imparted
to the salt at impact to fracture the load. Three techniques have been used
for this type of operation in the past: implosion, in which a converging
explosive shock wave breaks up the powder mass; explosion, in which the
shock energy moves outward; and the expanding cylinder, in which two
cylinders rapidly separating bring air shocks into the contained mass. Implo-
sion is generally the best method for generating the desired cloud, but is the
most expensive to implement, Explosion is next in efficiency, but shares the
explosive hazard of the implosion device. The cylinder is least efficient, but

offers the potential for nonhazardous operation.
Key issues are the ability of a dry salt (without liquid binders) (1) to attach to

the fuel surfaces, (2) to achieve sufficient crosswind spreading through the

fuels to accommodate the volume released efficiently, and (3) to be safe. It
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Figure 39. Dry Salt Fog Generator

is also possible that such a device could be used as the equivalent of an

aerially disseminated dry fire extinguisher, with the products drawn into the

fire by convection.,

If wetted salt is required to achieve fuel adhesion, liquid aerosol generation

(Figure 40) may also be considered, However, in the low-humidity, high-

temperature environment conducive to fire activity, small liquid particles

will soon become dry salt with the same limitations as the dry material.

The primary difficulty in achieving appropriate area coverage with dry salt

or liquid aerosol containers is the amount of area expansion required, i.e.,

up to 100 timesg that required from a similar volume of conventional retardants.

This requirement is difficult enough with the concentration currently em-

ployed.

The techniques are therefore rejected in terms of the current study.
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¢, Airburst Containers -- The airburst container, a large container of the
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Figure 40. Liquid Fog Generators

type shown in Figure 41, essentially creates a small salvo drop at an altitude

some distance below the aircraft.

The concept was advanced for the following reasons:

Ability to offset aircraft velocity prior to exposing the

retardant,

Ability to reduce exposed time of fall and consequently

aerodynamic losses and wind errors.

Ability to deliver from unmodified tail-loading aircraft

using cargo drop techniques.
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It is rejected for near term applications for the following reasons:

. Protection of the retardant from aircraft velocity is not a
significant value., Indeed, the velocity at opening must be

sufficient to generate pattern area expansion.

e The generation of uniform patterns from relatively large

containers results in considerable overlay.

. Accuracy, though potentially achievable in a range sense
and essentially unaffected by crosswind, cannot be achieved
at higher altitudes with the relatively narrow patterns thus

developed.

° Potential ground safety problems require failsafe and con-

sequently expensive timing operations,

D. CONCLUSIONS

The fundamental issue in the tradeoff between containerized and cascade

delivery resolves itself to the basic question:

Is the improvement in accuracy, survivability, and momentum
afforded by containerized delivery sufficient to offset potential
inefficiencies in meeting terminal requirements, and if so does

it justify the potential complication of logistics?
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The results of a number of conceptual and analytical studies on this issue are
summarized in Figure 42, In the hierarchy of terminal retardant forms, the

following conclusions are justified:

. Fog-like coverage effective in crop spraying produces a
fragile cloud that will not survive altitude, nor does it yield
the capability to drip and run that is important for uniform

coverage of vertical fuels,

. L.ogistics limits associated with contained delivery are easily
offset by small cost effectiveness increases in all but remote

hase operations,

o [se of stored-energy containers to enhance splash patterns for
containers imposes unique ground-handling procedures for safety,

precluding their acceptability.

[t is concluded that containerized delivery is comparable with the capabilities
of advanced cascade, where 4-gpc coverage must be achieved from altitudes
above 800 to 1,000 feet for large-capacity aircraft or for smaller aircraft

that must fly high,

Because most of the full range of delivery requirements can be achieved using
existing retardants, emphasis in the near term should be placed on advanced
cascade and rheological improvements. The additional capability of container-
ized delivery from very high altitudes should still be considered in the future,

particularly if sophisticated aiming capability is included in the aircraft.
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IV. MODELING OF RETARDANT DELIVERY

In this section, the physics of retardant breakup will be discussed, along with
the modified Mac Phearson simulation, Weibull pattern characterization, and

methods for extended models,

Understanding of the paysics of retardant breakup involves several complex
hydrodynamic instabilities occurring both simultanzously and in phases.

Figure 43 traces the stages of operation,

First, door opening shapes the emerging fluid, Drag deceleration deflects

the fluid and introduces amplifying instabilities of two types -- Taylor insta-
bilities on the front surface and Helmholtz instabilities on the lateral or side
surfaces(lo)(ll). Taylor instability causes the fingering effect on the front
of the liquid mass. Helmholtz instability produces the wave-like motion on
the sides of the rass. The emerging liquid surface also expands to the sides
near the front and becomes effectively shorter as flow replaces some of the
deceleration. The amplitude of the Taylor instability increases with time
until air pressure on the front surface breaches the liquid mass causing a series
of reactions that end in the explosive-like breakup of the liquid. Rheological
properties of currently used retardants damp out higher frequency instabilities
and cause formation of larger droplets than would be produced with water

alone. The rheological properties also help establish the time to breakup.

Management of this process by proper design of tank parameters to achieve

desired delivery modes is the basic objective in improving cascade delivery.

This section describes the physical and mathematical basis for a first prin-
ciples approach to generalized simulation of the phenomena and the em pirical

model simultaneously developed for relating tank performance parameters to
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pattern formation, The empirical model was developed becausc certain aspects
of the physical representation are currently intractable mathematically, There
is, however, a traceable similarity between the simulation model and the

theoretical treatment.

A. PHYSICS OF RETARDANT BREAKUP

The theoretical understanding of the hydrodynamic process outlined above differs
significantly from the intuitive view in two significant respects, both of which
are supported by the physics involved and considerable study of actual test

results. These differences are:

1} The application of classical stripping or atomization theory
(represented by Taylor-Priestly stripping from the outer
surfaces of the mass) is not a dominant effect. The amount
of material stripped is related to the relative velocity between
the retardant mass and the surrounding air flow, The mass loss
due to this phenomenon is not a significant portion of the released

volume.

2) The breakup process is an acceleration-dominated phenomenon,
Although the accelerations are small compared with those asso-
ciated with shock dynamics, their effect is shock-like due to a

(12). This number is

nondimensional Bond number relationship
a ratio of inertial forces to surface tension forces. The Bond
number theory suggests that small drops subject to very high
accelerations and very large drops subject to small accelera-

tions behave similarly.

When these two factors are realized, the visually perceived characteristics
of a retardant are substantially accounted for as are most of the measured

values associated with the process,
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1. Interfacial Instgp__i}i‘_c_i_es
(Primary Reference - J. Birkhoff, Garrett, 1. "Helmholtz and Taylor
Instabilities" American Math Society Conference on Hydrodynamic Instability

and 2, "Taylor Instability and Laminar Mixing"),

The dominating mode of breakup is due to the growth and interaction of two
instabilities on the interface of fluids in relative motion. These are commonly

called Helmholtz and Taylor instabilities. Flows are illustrated in the follow-

ing sketch.

&——Velocity, Liquid Liquid

T Y

Velocity, Gas e—pp Gas

Helwmholtz Instability Taylor Instability
(Instability of Vortex Sheets)

The theory of instability is based on the normal mode concept that develops
oscillation of the surface as a linear superposition of normal modes. A linear
differential equation is formulated to represent the magnitude of the amplitude

of the kth normal mode, i, e,

2
d” (A (t) ) _
__d;:?..n__.,__. = A (t) S (k)

where A (t) is the amplitude of the kth mode and S (k) is a real function.

For the surface to be stable, i.e,, the oscillations do not build up in amplitude
with increasing time, it is necessary that S (k) <0. This linear or perturbation
theory amounts to a Fourier integral representation of the initial small distur-

bance in terms of the normal modes,
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An initial sinusoidal disturbance goes through three successive stages:

(1) Perturbation stage: the small initial amplitude grows

exponentially

(2) Transition stage: the sinusoidal shape of the perturbation

is lost and the amplitude continues to grow

(3) Asymptotic stage: a new mode of equilibrium develops.

These stages are shown in the following sketch,

LIQUID
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The perturbation stage can be analyzed by using Kelvin's formula for S (k)
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where k = 27/ \ is the wave number, U, p, U'. o' are the vclocities and

densities of the fluids, o is the surface tension, and a is the acceleration,

Three qualitative conclusions follow from this formula:

1. The relative tangential velocity of Helmholtz instability is a

destabilizing influence.

. 2. Acceleration from lighter to denser fluid is destabilizing if its

magnitude exceeds gravity.

: 3. Surface tension is a stabilizing influence,

These conclusions can be applied to the retardant breakup process as follows:

1. Helmholtz instabilities on the periphery of the fluid mass give
rise to a stripping process on the boundary layer of the fluid
mass. This effect can be estimated by the Taylor model(ls)(l4):

2, Taylor instabilities require a positive quantity in the second
term of Kelvin's formula, that occurs when the component of

- gravity acceleration is less than the drag force on an elemental

area of the retardant mass, The onset of instability occurs after
the liquid mass has undergone major deformation due to aero-

dynamic shaping.

3. The fluid properties considered in the above model are density
and surface tension; however. it can be shown that viscosity is
purely a retardingproperty in that it reduces growth rate of

unstable waves and thereby adds damping.

4. Calculation of the shape of the fluid mass during the asymptotic
stage where the spike and bubble formation occur is only possible

by means of complex computer techniques with limited applicability.
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The Taylor instabilities have two additional states, the spikes
have a Helmholtz instability and a final statistical asymptotic
stage wherein the formation of droplets has been shown in
some simulations, Only qualitative estimates of these kinds

of phenomena are possible at the present time,

2. Free Boundary Fluid Mass Deformation

Tank and gating system parameters affect ultimate instability and breakup by
influencing the shape of the initial fluid mass that is expected to have a great
effect on the characteristic time for the onset of Taylor instability. This
geometrical description of the fluid mass and its transformation to the onset
of instability is at present untractable mathematically for rectangular tanks
and multiple-tank arrangements, We may note, however, the geometrical
effects on acceleration in the range of interest is substantially a function of
tank length (or in a more general case, the instantaneous hydraulic head
with respect to the velocity vector) as shown in Figure 44,

There is considerable evidence that deformation due to aerodynamic forces
does occur, even though it is occluded in actual drops by the products of
stripping. These types of deformation occur in bubbles rising in liquids and
in water droplets in shock waves. Evidence of this phenomena in retardant
delivery is in the photographic change of size in the intact fluid mass in large
quantity drops. In particular, a 2000-gallon drop from the Aero Union B-17
increased in measured appearance approximately tenfold before breakup

occurred. This increase in size can only occur if the same sequence of events
occurs as shown below:

O —|)—
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Specific evidence of this deformation in the same detail as in water droplets is
not available due to the complexity of experimentation. This explicit informa-
tion would be desirable to ensure complete confidence on the correspondence

between retardant delivery and similar phenomena.

The real difficulty is the obscuration caused by the Helmholtz-related stripping
processes. Because this type of behavior has been documented in several other
situations that have similar aerodynamic conditions, and explicit evidence has
been produced for these conditions, it will be assumed that the same phenomenon

exists in retardant delivery.

The mathematical model for the surface deformation of bubbles was analyzed

by Taylor(w).

He showed that the shape would be spherical on top of the
bubble so that pressure on its surface is constant, This requires that the

pressure due to flow equal the gravity component,

By Bernoulli's equation this is:

(:12 = 2gX

where X is the depth below the highest point, q is the fluid velocity relative -
tothe bubble, and g is the acceleration due to gravity. Wind tunnel experi-
ments on lenticular bodies verified that the pressure distributions were

essentially those of spherical bodies.

Experimental evidence of the change of shave was obtained by Lane and Green(lﬁ)
Engel(”), and by Simpkins and Bales(lz), The Lane and Green data were ob-

tained on water drops at terminal velocity, the Engel data and the Simpkins data

at supersonic velocity. Thus, there is a great body of evidence on the distortion
of fluid masses in the airstream,
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3. Droplet Trajectories

Three factors are important in droplet trajectories of retardants:

e Stripping and instability or breakup mechanisms
e Terminal velocities

. Effects of winds.

In the effects of thece factors, the application of data from other droplet
studies can be used with more assurance. The Weber and Bond numbers are
a measure of the stability of a drop, and the breakup time can be estimated
from the formulas of Wolfe and Anderson or from Bell Telephone studies(m),
Terminal velocity depends on the drop coefficient that relates to stable drop
size and the amount of flattening. The effects of wind are easily predicted
with simple spherical models because the effect will be large. (Refer to

Figure 26.)

The Weber number is the ratio of the aerodynamic pressure to the surface
tension pressure:
2
P U'r
WE =
If the aerodynamic pressure is replaced by inertia pressure the Bond number
results:
r,2
PL, g

BO = o A —

The Bond number is related to the Weber number by

3C W
B = _ DE

© 8
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where CD is the drag coefficient of the droplet.

p, = air density

U = relative velocity

r = radius of equivalent sphere
¢ = surface tension
e, = Liquid density

Hinze has examined the deformation of a water droplet in potential flow and has
developed formulas for the maximum deformation in terms of Weber number(lg).
This maximum deformation was used to calculate the values of Weber number at
which droplet breakup occurred using the data of Merrington and Richardson(zo).
Except for very high viscosity materials, the value of WE critical is approxi-
mately 10. For fluids with very high viscosity that have terminal velocities
appreciably higher than raindrops, the application of the WE critical of 10 can
be in error, The effect of the aerodynamic pressure in deforming the drop,

the droplet natural frequency of oscillation, and the loss of velocity of the drop-
let in the airstream all can change the breakup process for high viscosity fluids.
This case is worth studying for fire retardants.

Assuming that the anomalous case does not happen with retardants, the brea up

process is found to be in one of three states(zl);

] Stripping mode
e Transition mode (both stripping and bag breakup)

° Bag breakup.

Bag breakup occurs at low velocities, whereas stripping occurs at higher
velocities. (See Figure 45),
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AIR FLOW

o

’ Figure 45. Bag Breakup (16)

The breakup time has been estimated by Wolfe and Anderson as:

t = d
aZisp)l/2_ 4
where
A = 16n/dp
B = 2/p
- 1 2n O
) P = 5 P, U CD k 3
and
D° drag coefficient =1
2

C
k = constant =
d = drop diameter

n = viscosity of drop
p = density ol drop

p, = density of gas flow

o = surface tension of drop

: u = velocity of gas flow
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The comparison of observed and predicted breakup times is shown in Figure 46,

Terminal velocities of retardant droplets in the final stages are comparable to
those of water droplets based on calculations in the photos. Although the pre-
cision of such estimates is doubtful, the maximum advance of broken up mate-

rial is on the order of 40 fps, This implies that droplet sizes are probably

larger than water droplets (see Figure 47), Experimental evidence of this

phenomenon under controlled conditions is needed.
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Figure 46, Comparison of Wolfe and Andersen Theory with
Experimental Breakup Times(21
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Figure 47. Terminal Velocities of Spheres of Unit Density and of
Water Drops Falling in Air at 20°C and 750mm Hg Pressure

Data on water droplets is available from several sources, and it is summar-
ized in Table IV.

4, An Approximate Physical Method

The work of the Bell Telephone Laboratories(lg) on raindrop breakup pro-
vides new insight into retardant liquid mass breakup. Application of the theory
gives an estimate of the time for development of the instabilities and the time
for this transition event to be completed. More importantly, it gives a tech-
nique for viewing development of the instability on an accelerating fluid mass
in an airstream without resorting to completely artificial mathematies such

as a plane interface with random sinusoidal perturbations.

The theory starts with a liguid mass of spherical shape accelerated by a gas
dynamic flow field that is analyzed for stability in terms of normal modes.
These normal modes are either stable, quasi-stable, or unstable depending
on a critical Bond number calculation, The next step examines an initial
value problem that combines the aerodynamic and acceleration forces to show

the fluid breakup criterion in terms of Bond and Weber numbers.
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Table IV. Terminal Velocities of Water Drops in Air at 20°C and

750 mm Hg

Diax}qcter of Terminal Velocity 4

ggl?é;’gl?r?wtm) Porti)%m/se(:) Laws G;{Trrllzgg Average
0.1 - - 27 27
0.2 - - 72 72
0.25 100 - 95 97.5
0.5 201 - 206 203.5
0.75 305 0 305 305
1.0 402 - 403 402.5
1.5 540 551 540 543.7
2,0 645 658 649 650, 7
2.5 726 741 741 736.0
3.0 790 806 806 800, 7
3.5 837 852 852 847.0
4,0 872 886 883 880. 3
4,5 898 810 901 903
5.0 909 925 909 914.3
5.5 913 930 915 919, 3
6.0 915 930 - 922.5

The kinds of events that a liquid mass exhibits when a suddenly applied pres-
sure distribution is introduced are the following:

® The fluid mass vihrates with stable oscillations that are

dominated by the effects of surface tension

e A quasi-stable regibn of oscillations in which the vibrations
of the fluid mass take an apprcciable amount of time to

develop

e An unstable region that produces breaking in a short time.
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Concurrent with the development of these oscillations, the fluid mass is de-
forming due to the applied pressure distribution. Thus the event of fluid

breakup is dominated by these two effects.

These events can be characterized by the density ratio and by the Weber and

Bond numbers:

o IFor Weber numbers in low range 7 < WE < 50, the fluid mass
detorms with time. The flow results in the so-called bag or

umbrella-like response,

° Above the lowest critical value of Bond number of 11,2, the
drop is unstable to small disturbances. The Bond number
for rapid unstable growth is the order of 105. In the quasi-
stable region (BO between 11, 2 and 105), the fluid mass
deforms due to aerodynamic pressure distributions in time,

and the effect of accelerations is to produce surface waves

on the windward surface. (Taylor instability developing),

° The mass loss due to stripping has the effect of increasing
the drag, and for Reynolds numbers in the region of 104 the

drag coefficient can be estimated to be 2. 5.

) Instability does not occur for normalized time less than unity,

tx = (pa/pL) t Ul/r

where
Pa = air density
PL = liquid density
t = time
U = velocity
r = radius of equivalent sphere,
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[ The onset of Taylor instability is approximated by t: =
223 /4
0O

e The estimated breakup time is t* = 65 30_1/4

These formulas have been applied to the retardant mass as shown in

Figure 48,
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Figure 48. Spherical or Lenticular Radius Versus Quantity
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Weber number calculations are shown in Figure 49,
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Figure 49, Weber Number versus Initial Quantity in Gallons

Bond number calculations are based on Ro = 3/8 CD WE where CD 2.5,

The value of the Reynold's number exceeds 106, which is larger than the ex-
perimental results of Simpkins and Bales. (Figure 50).
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Figure 50. Bond Number versus Quantity
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The expected time for breakup based on t* - 65 HO is shown in Fig-

ure 51. Actual predicted time is shown, i.e.

r t* P
- _o© . _G
t —_—, £ = B
el/2y L
where
PC = density of gas
1
PL - density of liquid
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Figure 51. Breakup Time Versus Quantity

These times have been compared with film studies of B-17 Aero Union and
PB4Y2 drops. If one adds the time required to discharge the fluid mass from
the tank, comparable results are obtained,
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Observed

ey Calculated ra i Larliest
Exit Time Breakup Time ['otal Time Breakup
Time
B-17
2,000 gallons 1.1 2.09 3.19 2.5
PB4Y2 1.9 1.85 3.75 3.5

1,200 gallons

The significance of this calculation is that the travel of the intact fluid mass
before the breakup process occurs can be estimated from the discharge and
the quantity of fluid released. Other tank and gating parameters could be a
perturbation about this predicted travel. The fact that flow out of the tank
and quantity are such important parameters is not obvious, and the combina-
tion of this bond number representation and the Mac Phearson tank simulation

could be the most important conclusions of this study.
B. THE MODIFIED MacPHEARSON SIMULATION

A basic objective in this program was development of a computer model of
tank release that would allow traceability of tank design characteristics into
the pattern. This objective was further emphasized with the selection of

advanced cascade as the primary technique for improving performance.

The baseline model selected was a computer simulation of TBM performance
originally developed by MacPhearson in 1967(22)(23)(24),

In two stages of refinement, MacPhearson calibrated the empirical portions
of the model to reflect TBM delivery of water at a fixed altitude and showed
in preliminary form that the modeling approach was extendable to retardants.
The basic simulation was reprogrammed for current high-speed computers
and modified slightly to generate a program that yields practical answers to

a variety of tank design questions,
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1. Overview of the Simulation

Figure 52 shows schematically the operation of the simulation. Internal
shape details of the tank and door-opening size and rate are entered into the
computer., Velocity at time of release and flow rate are then calculated,
The tlowing retardant volume is divided into packets representing fixed time
increments. Fach packet (Qi) is then flown on a point-mass trajectory from
its emergence on the aircraft flight path until it is completely broken into
droplets and loses its identity as a liquid mass., The mass converted to
droplets over the trajectory is tabulated in space for each packet. The
results are then tabulated to form a distribution of the retardant over the
range into which it falls. Summation of packets along the range produces a
marginal distribution, A final subroutine can display the predicted pattern
as an isopleth of coverage contour lines similar to that used in recovering
pattern data from actual tests. The following subsections describe an

example case using the 700-gallon release from a CL-215,

2. Flow Rate

The first subroutine of the MacPhearson simulation calculates the volume
flow rate as a function of time using the inputs of tank geometry and door-
opening rate as shown in Figure 53. The equations used are strict Bernoulli,
with an efficiency constant that was found in early model checkout to be
approximated by a value of 0,85. The door-opening rate, however, has

been used as a floating variable in the achievement of pattern matches with
the marginal distribution. The floated value is within a few tenths of a
second of the values recorded from films and is believed to be within reason-
able limits of uncertainties. (Calibration of this part of the simulation with
measured values is recommended as a means of reducing modeling uncer-

tainties prior to availability of data from the proposed experimental tank, )
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Examination of Figure 53 shows the effect of door-opening rate on the early

portions of the delivery, as well as a dip in the flow rate introduced by a
sudden change in tank geometry. The net result of these tank characteristics

can still be seen in the predicted pattern, and evidence of their effect can be
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found in actual pattern data. 'The useful pattern can alsgo be grossly related
to a critical flow rate, i.e., a rate that must be maintained at a given altitude

to achieve adequate coverage.

The flow rate simulation provides considerable direct visibility of the effect
of various tanking parameters on flow rate. Flow rate curves were generated
for single tanks from the CL.-215, Aero Union B-17, PB4Y2, C-119 and P2V.
(The full set of flow rate curves is presented in Figures 55 through 60, ) Fig-
ure 54 shows a direct comparison of tank types normalized by the initial tank
capacity. This shows the wide range of flow management in tested tanking
systems, fromthe fast release B-17. through the restricted flow of the PB4Y2,
to the trail tank delivery system of the Aero Union B-17. It is interesting to
observe that the C-119, P2V, and the B~17 (Intermountain) are approximately

equivalent systems in terms of flow rate on a normalized basis,

3. Marﬁinal Distribution

The next subroutines of the MacPhearson simulation convolute the flow rate
curves into a marginal distribution on the ground plane, This distributicn
can then be compared with the actual marginal distribution developed in flight
tests. Figure 61 defines the marginal distribution as it is derived from pat-
tern plots. Each quantity increment is flown on an independent trajectory
from its release point to extinction (Figure 62). The distributed mass from
each quantity increment is tabulated as a function of travel as shown in Fig-

ure 63.

The rule for quantity disintegration is the only major departure from the

second of the two original MacPhearson simulation studies. It is:

d Qi Kl e

dt Q.
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where Qi is the volume of the ith packet and the K values are calibration con-
stants., The rule generates a mass disassociation rate that varies exponentially
with time, This rule is supported both by observed phenomena and our quanti-
tative understanding of physics of breakup.

Although the two constants might be expected to vary from tank to tank, good
fits to most test data have been achieved with Kl at a fixed value of 4 and K

2
at a fixed value of 12,

The next step of the simulation accumulates the mass values of Figure 63 on
a ground plane as shown in Figure 64, which for convenience of analysis is
usually displayed as a cumulative distribution (Figure 65). This allows

direct comparison with the marginal distribution taken from test results.
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Figure 65 shows a good match with actual results with the CL-215 drop.
(Figures 66 through 71 compare the predicted with actual marginal distribu-

tions generated over a range of conditions, )

In general, the matches are surprisingly good considering expected effect of
release geometry on trajectory values and different forms of tank addition
used in the actual tests. Extension of the analysis to the other tanks indeed
suggests the technique is valid in assessing the effects of tank characteristics

of hypothetical or conceptual tanks,

The data also suggest that in order to determine more precisely the effect of
parameters not specifically included in the simulation, actual flow data on
the existing tanks and/or the conduct of tests on an experimental tank are

required.
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Figure 65. MacPhearson Cumulative Marginal Distribution Display (CL-215)
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Although it was not intended to calibrate the model formally in a cross-range
sense, the top two patterns exhibit reasonable characteristics that can he
related to approximate altitudes, These altitudes correspond to 300, 400,
and something around 600 feet, it is believed that these patterns represent a
reasonable, but not rigorous, estimation of pattern performance preserving
traceability to tanking values until further data are available to refine the

total simulation,

C., WEIBULL CHARACTERIZATION

The marginal distribution alone does not account for certain differences in
pattern, particularly those that occur over an altitude range. This is due in
part to cross~-range development, lateral separation of tanks used in the
release, release geometry, and the completeness of breakup at the termina-
tion of the simulation., For this reason, the Weibull analysis (discussed in
this subsection) has been developed in parallel with the basic simulation to

account for altitude-related changes in the pattern following primary breakup.

One of the first problems encountered in evaluation of test site data is to deter-
mine a quantitative technique of viewing the pattern. A Weibull distribution
was selected as a statistical method of nominating a pattern; i.e., it allows

us to say that it is a 2-gpc pattern with a Beta value (form of the distribution)
of 1, etec, Specifically, it is a statistical technique o1 viewing three variables

simultaneously.

This analysis serves two purposes: 1) {o obtain a guantitative relationship of
factors contributing to pattern formation (or decay) not related to thosec now
incorporated in the MacPhearson simulation and 2) to determine in a general
sense the sensitivity of the Weibull parameter, Eta, in resolving experimental

questions,
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1. Method of Determining the Weibull Characterization

The Weibull technique has been shown in most cases to provide a good fit to
actual pattern statistics. The technique of assigning a pattern value, Eta, is

outlined in Figure 75,

Mathematically, the Weibull distribution(2%) is the cumulative probability
distribution

F (xj 3, = 1-exp [-?—@:I

where 3 is the shape parameter and v is the scale parameter.

The shape parameter of interest lies in the range of 0.8 <8 £ 2, which changes
the form of the probability density function. Figure 76 shows two examples

of this distribution,

Appendix B presents a discussion of the detailed data analysis of Maranna

test patterns using the Weibull characteristics. The following subsections

summarize the generalized conclusion resulting from this analysis.

2. General Conclusions from the Weibull Analyses

Using the data in Appendix B it can be shown that the major effects of flight
delivery on pattern value, Eta, are the volume in the drop and the altitude.
Lesser differences are caused by aircraft velocity and viscosity (of a retardant
of otherwise fixed rheology). There are also differences between aircraft that
appear to be related to (1) release geometry and (2) multiple-tank releases,
(Note: that aircraft velocity, flow rate, and quantity appear to dominate in

the MacPhearson matches.,)

-122-



WEIBULL PROBAEBILITY CHART

ESTIMATIQON POINT
STATISTICAL MEAN OF DISTRIBUTION
DISTRIBUTION SHAPE FACTOR

%
S R VAR B JE I
-
Y AL N : 1 :
o 99.9 -\
3
L 997
; CONSTRUCTED
= < PERPENDICUL AR
© 90
W NOMINAL PATTERN
= 20 - DESIGNATION
% ESTIMATOR 4 ————— o N o —~
o
[
= DATA VALUES
[¥9]
O
xS20 -
a i
[¥7)
=0
|l o 4 (o)
<310
>
20
=0 A
S 5 3
&
3-—.
2_
1 T T~ T T T 17 T T
0.1 0.2 0.30.4 3.6 0.81.0 2.0 3.0 4.0 6.0 8.0100
1 1702 2t3 37104 g4
GPC
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Figure 76, Weibull Distribution

The altitude variation in pattern was of primary interest because the basic
MacPhearson model assumes the pattern to be steady state after the termina-
tion of the breakup phase. Figure 77 shows the altitude-related change in 8
as a function of altitude for the CL-215 drops. Figure 78 shows the change in
1 as a function of altitude for three quantities, There is also evidence that

different n decline curves also result from trajectory values.

Most significantly, however, the conclusions of the Weibull study show the

following:

1. A large number of patterns have been subject to this analysis,
and with few exceptions the data show a good linear fit

relationship.

2. The n value is sufficiently sensitive to parametric
variations to be a high resolution technique of measuring

performance differences between tanks.

3. An appropriate n altitude curve can be applied to approxi-
mate the cross-range development of patterns as a function
of altitude. (This technique was applied in patterns of
Figure 76.)
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Figure 77. Beta Estimate Versus Altitude

Items 1 and 3, when taken together, show that there are certain limitations

to the current model in the development of cross range. Specifically, it was
originally assumed that, using a normal cross-range distribution, a set of
sigma values (critical values related to gpe) could be selected such that the
Weibull distribution characteristics of the pattern would be preserved. (These
Weibull representations have been shown repeatedly to provide a good fit to
actual pattern representations.) However, it was found that the surface gen-
erated by applying the normal assumption cannot be sectioned by constant
sigma values in a manner that yields a fit to the Weibull distribution, except
in a very liniited range, This discovery is significant in that it casts doubt

on the normal cross~-range distribution heretofore assumed.
Although the difficulty cannot be solved until refinement of the hasic model

through experimentation is accomplished, this consideration leads to the

basic proposition of an extended model.
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D. EXTENDED DROP DISPERSION MODEIL

In the extended model, the cross-range pattern development is viewed as two
independently changing distributions. Specifically, this approach starts with
the spatial distribution of mass from the MacPhearson simulation (Figure 79).
Cell zones are identified that separate the mass field into steady-state pro-
ducts and products subject to continued change, Figure 80 shows the general-
ized operation of this model in developing pattern plots. The large volume
cells are identified, The terminal product distribution is characterized by a
moderately expanding normal distribution in cross range. Il.arge-mass par-
ticles are characterized by a more radically changing parabolic distribution.
The sum of these distributions taken over the range distribution yield a surface
with enough variability to be constrained to Weibull distribution parameters.
The model is now operable; however, its calibration was beyond the scope of
the current contract and of limited value until experimental checkout of other

model aspects.
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V. RECOMMENDATION FOR A TEST BED TANKING SYSTEM

Current capabilities of retardant delivery modeling account for certain domi-
nant characteristics of the tank and gating system and enable tracing the effect
of these tanking parameters to the ground patterns, There remain differences
in performance that are not accountable directly through parameters of interest:
these include the effect of release geometry on trajectory and pattern formation

as well as the effect of multiple tank arrangements,

To incorporate these values into the model, two steps are necessary, First,
the actual input data to the model must be ascertained, Specifically, flow-rate
histograms and door-opening rates must be measured. This results because
within the current limits of certainty on these measureable values there is
little resolution of the effects of subordinate variables, Firm values on these
inputs can be expected to resolve differences in tank performance resulting
from factors other than flow rate and door rates that are expected to exert an
influence on performance, Secondly, the model should be refined and validated
using a relatively noise-free, calibrated tank to increase the resolution and
yield a generalized design model.

Such a model can be used to: (1) prepare usage guidelines for current tankers,
(2) assist in evaluating practical design modifications that would improve
performance, and (3) generate guidelines and specific requirements to assure
that optimum performance is achieved in any new tanking systems built, It is
a design aid that will work in conjunction with systems analysis studies on
tactical mission effectiveness to assure maximum tanker performance against
a wide spectrum of fires,

For this reason it was recommended that a definitive experiment be planned

in support of model development, It was further recommended than an experi-

mental tank be developed, Such a tank can also serve as a reference standard
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for testing of retardants as improvements ure adv anced, Toe substance of
this recommendation was approved by the Fdrest Service and became, with
additional data analysis incorporated in previous discussions, the basis for

final stages of effort under the contract,

In addition to the recommended experiment, it was also recommended that
tank and gating performance be recovered if possible from one or more of the
aircraft used in the Maranna test series as an immediate aid in refining the

models,

The following subsection presents the recommended test plan and a general

specification for a tank and gating system to carry out the tests,

A, RECOMMENDED TEST PLAN

1, Purpose

The purpose of this test is to generate data for use in refining and extending

the simulation capability for a computer prediction of pattern performance as

a function of tank and gating system parameters, Ultimately, this program

will prepare usage guidelines for current tankers, assist in evaluating practical
design modifications that might improve performance, and generate guidelines
and requirements to assure optimum performance is achieved in any new tanking
systems built, It is a design aid that will work in conjunction with projected
mission effectiveness determinations to assure maximum tanker effectiveness

against a wide spectrum of fires,

2. Basic Approach

The approach used in this test is to estaon.... . cierence standard performance

curve for a fixed tank of known release characteristics over a range of
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altitudes. This standard is then perturbed systematically to determine the

quantitative effect on performance of tank variables as shown in Figure 81.

Figure 82 shows the conceptual tank in the test data matrix, as an aid to under-

standing the interrelationship of varying parameters in the test discussion to
follow,

The basic data requirements from each test are as follows, although other
relevant data similar to that now recorded should be collected as a matter of

record,

a, Preflight Flow-Rate Tests: These tests measure tank flow dynamics

required for calibrating the initial part of the simulation prograns and for
establishing fixed known characteristics for the tanking combinations used in
the drop.

b. Trajectory Data: These data are required for adjustment of control

constants in the early trajectory portion of the similation leading to the com-
pletion of the breakup phase, They are also required in cross range to assess
the lateral development of patterns during the breakup phase. A third value

of the trajectory information is a suspected correlation between pattern values
in terms of the Weibull n parameter and the characteristic change in trajectory.

If established, this correlation could reduce the number of tests in the later

portions of the perturbation study,

C. Pattern Coverage Data; These data are required to relate performance

to prior test tank results, to confirm marginal distribution predictions, and
to aid in developing rigorous cross-range subroutines for the predictive pro-
gram,
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Figure 81. Quantative Effect on Performance of Tank Variables
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3. Preflight Tank Tests

Prior to flight tests the experimental tank and gating system shall be subject
to ground tests to determine flow rate characteristics for each possible test

condition, These tests require:

. Histograms of the actual flow rate in cubic feet per second at 0, 1 second
{or continuous) increments from the door-opening command to tank

evacuation,
Door-opening rate histories from door-opening command to full open.

. Lateral impetus to the fluid caused by partially open doors should also
be recorded on film as a matter of interest, This is particularly signifi-
cant when it contributes to the intermingling of fluid released from

adjacent tanks,

4, Tests to Establish Reference Standard Performance

The reference standard will be established using a 1, 000-gallon nominal tank
in a sequence of tests to determine pattern change as a function of altitude

as measured inthe n and g parameters of the Weilbull statistics, The follow-
ing altitudes are recommended: 150, 300, 500, 700 and 1, 000 feet,

Tolerances on altitude are not critical in these tests provided actual values
are obtainable, Precision depends to some extent on the ability to control
aircraft retardant variables, specifically viscosity and release velocity,

NOTE: Examination of Maranna Test data suggests that viscosity can be

controlled within + 2 poise. The error inn introduced by these tolerances

is on the order of + 0, 06 and is not thought to be significant, Aircraft
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velocity appears to be controllable within + 5 knots of the planned value yielding

an error of about £ 0, 05 inn that is again of minor significance,

5, Perturbation Study on Aircraft/Retardant Variables

Although aircraft velocity and retardant viscosity are not specifically related
to tanking parameters, it is desirable to conduct a perturbation study regarding
their effects on pattern performance and to provide additional information on
these effects for use in modeling,

a, Aircraft Velocity -- The variability achievable in aircraft velocity is on

the order of 30 knots, or + 15 knots from the reference standard, This does
not afford a major perturbation in n values; however, for trajectory purposes
and to assist in compensating velocity variables it is recommended that two
tests be conducted at approximately fixed altitude (300 feet).

Maximum delivery speed

Minimum delivery speed,

b. Retardant Viscosity -- Considerable variation can be provided in retardant

viscosity, The following tests are recommended:

Viscosity Variation

Altitude (feet) {poise above standard) (poise below standard)
300 10 10
500 10 10

An additional two tests at approximately 5 poise below the reference standard
at each 300 and 500 feet is desirable, but not mandatory.
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6. Perturbation Tests on Gravity Feed Tank Parameters

NQTE: These tests are separated from tests requiring pressure to establish

a hierarchy of potential equipment requirements,

a. Tests to Determine the Effects of Quantity on Pattern and Trajectory --

These tests are used in conjunction with data on release configurations and
methods of tank addition to determine performance parameters so that no
scaling as such is necessary in terms of configuration, It is recommended,
however, that the 500-gallon drop be achieved by releasing the central nalf of
the referenge 1, 000-gallon load (i, e., using the same doors and nydraulic
head), It is also recommended that the 2, 000-gallon drop use the reference
1, 000 gallons plus an additional 1, 000 gallons from an adjacent tank(s),

Altitude (feet)

150 300 500
500 gallons X X
2, 000 gallons X X X

NOTE: The 1, 000-gallon reference standard will also be the result of adding
two separate 500-gallon tanks back-to-back, The 2, 000-gallon drop will be
the result of adding two 500-gallon tanks, one on either side of the reference
1, 000-gallon drop.

b. Tests to Determine the Effect of Hydraulic Head on Reference Standard

Performance -- These tests are optional in terms of asserting modeling vari-
ables, but they represent real world constraints where altitude density or
runway limits may require partial loading of the aircraft. The tests use the
reference standard tank operating at three-quarter and one-half volume, In
this way the one-half volume drop shows in relation to the reference standard
the effect of adding 500 gallons as head rather than door area. The three-

quarter drop is simply an intermediate value to allow extrapolation,
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Altitude (feet)

150 300
Head Three-quarters of Reference Standard X X
Head One-Half of Reference Standard X X
c. Tests to Establish Effect of Exit Geometry on Pattern Formation and
Trajectory -- These tests are believed critical to the resolution of perform-

ance differences, particularly in the relatively unquantified area of shape effects
on breakup and cross-range developments, They have been defined in conjunc-
tion with test tank design studies to yield a maximum of information without
cluttering the tank, They provide one length~to-diameter variation on the

1, 000-gallon standard and two length-to-diameter variations on the previous
500-galion drop. The data are also used in conjunction with the test matrix to

assess techniques of addition,

Altitude (feet)

150 300 500
1, 600-gallon; Moderate L: D X X
500-gallon; Long L:D X X
500=-gallon; Short L:D X X
d. Tests to Determine the Effect of Tank Separation on Pattern and
Trajectory -- To preserve aircraft center~of-gravity requirements, it is often

necessary to add tanks from fundamentally separated locations, These four

tests are used to determine the relative significance of lateral and horizontal

separation,
Altitude (feet)
150 300
Two laterally separated 500-gallon tanks X X
Two longitudinally separated 500-gallon
tanks X X
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e. Tests to Confirm Door Rate and Area on Flow Rate Parameters

Contributing to Pattern -~ Simulation work to date indicates that door-opening

rate and area are the most significant tank parameters contributing to pattern
results, These tests are designed to provide data on these parameters rather
than to assert a specific requirement. The reference 1, 000-gallon tank is

used in these experiments with the door arrangement shown in Figure 83,

(1) Door Area -~ The two-part door on the central tank allows three
tank release areas from unrestricted flow (full open) to one~third restricted
and two-thirds restricted. (These values are roughly equivalent to the restric-
tions provided in the PB4Y2 tank and the Aero Untion trail doors. The total
matrix, then, represents three different flow rates, Additional tests are:

Altitude (feet)

150 300 *500 feet
One-third open X X X
Two=-thirds open X X X

* Optional: necessity determined after basic data set,

(2) Door Rate -~ The door rate on the standard 1000-gallon should be
reasonably fast (full open in about 1 second). In this test the door rate must
be changed.

Altitude (feet)

150 300
Increased Door Rate ~ 0, 5 seconds X X
Decreased Door Rate ~ 1,5 seconds X X

(3) Dual Rate Door -~ Simulation studies have indicated that flow rate

can be prolonged by modulation afforded by a dual-rate door (see Section VI, D).
This door opens fast to a preset distance at which point it encounters a hydraulic
(or mechanical) stop that resists and slows opening of the door to its fully

open position, The experiment will be conducted using the one=~third door on
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Managed Flow Experiment
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the reference 1, 000-gallon tank. Opening rate shall be the reference rate
through the first 50 degrees of travel, at which point the rate will reduced
such that the average opening rate for the final 40 degrees of travel shall be

one-half the reference rate.

This demonstration will require two tests, one at the altitude yielding the best
2-gpc line from the one-third door constant rate test and one at a planned
altitude expected to yield the most line at 2-gpc from examination of the door

area test data.

f. Tests Requiring Regulated Pressure -- A potentially significant improve-

ment in the flexibility of line building has been shown in simulations. This
improvement is the result of using four door areas and two low pressures, The
regulated pressure is the single variable under examination here because the
rules of door combination have been separately considered. Pressure levels
required are to replace head lost during release, thus achieving a relatively
constant flow rate, and to increase the ejection velocity approximately 25 fps,
Pressures required must be regulated to provide a continuously increasing
pressure up to about 6 psi. These tests shall be conducted with the reference

1, 000-gallon tank and the one=-third door opening (constant rate door).

Two tests will be run at the altitudes selected for (1) above for each pressure

condition,

Application of regulated pressure demands more in terms of hardware develop-
ment and could potentially require additional tests simply to establish hardware
performance. It is nonetheless recommended that the test tank be designed to
accommodate the requisite pressures, on the order of 10 psi maximum, to
enable subsequent modification even if pressure is not included in the initial

tests,
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B. GENERAL SPECIFICATION: EXPERIMENTAL TANK AND GATING
SYSTEM

1. Purpose

This specification establishes requirements for an Experimental Tank and
Gating System (ETGS) for use in a definitive experiment to perfect and extend

computer models of tank performance,

2. Intent

The XTGS is applicable in principle to any suitable aircraft {i.e., any aircraft
capable of carrying the tank specified herein with sufficient performance capa-
bility and avionic instrumentation to hold delivery conditions within tolerances
specified in the test plan). The nominal 2, 000-gallon maximum capacity does
not necessarily attempt to maximize the load of any particular aircraft,
Adaptation of the tank to a specific aircraft can be accomplished by a modular
tank, modification to an existing tank, or a new integral tank design. Dimen-
sional adjustments or departures from nominal values are not critical as long
as the basic interrelationships of the configuration are maintained. [n case

of conflict, the requirements and intent of the test plan will supersede require-

ments expressed herein,

3. Tank Capacity

Minimum total capacity shall be 1, 600 gallons (2, 000 gallons desired). Sub-
ordinate capacities shall enable the release of one-half the total capacity and
one-~quarter the total capacity as specified in the configuration portion of this

specification and the test plan,

(Nominal values of 2, 000, 1, 300, and 500 gallons are used in this specification,)
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Compartment volumes including internal structure shall be within 5 percent
of the selected design values.

4, Compartment Configuration

The tank shall be divided into nine separately fillable compartments with the
dimensional relationships shown in Figure 84, This will enable the delivery
of (1) the total volume, (2) one-half the total volume, and (3) one-quarter the

total volume in the release configurations shown,

NOTE: Although most of the release configurations are symmetrical about
the tank center of gravity, two of the tests require release of one-quarter
capacity from off-center positions, If this release cannot be achieved within
center-of-gravity limits of the tank/aircraft, an alternative solution must be
applied. A suitable alternative is shown as an example in Figure 85, This
preserves the three-point experiment on length-~to-width ratio with a 1, 000-
gallon drop (in lieu of the 500-gallon drop), at the expense of additional doors
and filling complexity,

The long central tank with a nominal capacity of 1, 000 gallons shall be designated
the Standard Tank, It is this release configuration against which all other per-
turbations are measured, This configuration will be used as the datum refer-
ence for all related compartmental volumes.

Configuration of the tanking system shall provide for release of a fixed volume,
with three variations in the release configuration expressed as a length-to-
width ratio (measured with the length on the flight path), Although experimental
intent can be preserved with considerable variations in the actual values, the
following guidelines can be established,
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Minimum Length of Lowest L: W release - 2 feet
Nominal Length of Intermediate L: W —= 4 to 5 feet

Nominal Maximum Length of Highest L: W - 10 feet,

5. Hydraulic Head

The minimum nominal value for hydraulic head for the filled tank shall be
4 feet,

Provisions must be incorporated for assuring that the required hydraulic head
is constant within each of the separately fillable compartments, This may be
accomplished by (1) inherent tanking characteristics, (2) direct measurement

techniques, or (3) intercompartment valving,

Provisions must be incorporated to allow the downloading (partial filling) of
the Standard Tank compartments to three-quarter and one-half of the filled
tank head, with the same constant value within each of the compartments

equaling that volume,

Head tolerances shall be maintained such that the volumes involved are within

5 percent of nominal,

6. Door Characteristics

NOTE: The door arrangement (Figure 86) shall provide for release of the
individually fillable tank compartments., In most of the experiments, all

doors will be opened simultaneously, with the quantity regulation provided by
the filled increments. In a subsidiary set of experiments on door area and
opening rate, the doors on the Standard Tank are required to open independently

and with rate variations.
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a. General Door-Opening Requirements --

(1) Door-Opening Rate -- Nominal door-opening rate shall be 1, 4 sec-

onds (or less) from first opening to the fully open condition under load. The
rate should be repeatable within + 0, 2 seconds, with greater repeatability

desired,

(2) Door Area -- Open door areas for each release configuration shall

be in the same ratios as the volume (within about 5 percent on area basis),

(3) Sealing -- Door-to-compartment seals shall prevent leakage from

full to empty compartments prior to release,

(4) General Construction -- The internal clutter resulting from door-

supporting structure and actuators shall be minimized.

b. Special Provisions on the Door System for the Standard Tank -- The

Standard Tank shall be provided with two doors, one opening one-third of the
tank width and the other opening two-thirds of the tank width, to evaluate the
effects of restricted (or managed) flow on pattern formation, Both doors

must be capable of independent opening at the established nominal rate,

A fast-opening rate shall be provided for the doors of the Standard Tank to
provide opening at approximately twice the basic rate, i.e,, to fully open in

0.5 to 0,7 seconds, This rate shall be repeatable within 0, 1 second.

The two-thirds width of the Standard Tank must withstand pressure during
evacuation,{with the smaller door open)equivalent to at least twice the width

of the hydraulic head with a moderate additional margin (10 percent),

The one-third width door of the Standard Veolume shall also provide the capa-
bility to open the door 50 degrees at the nominal rate and complete opening
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through the use of a mechanical or hydraulic stop at an average rate of one-half
the nominal for the remaining 40 degrees of travel to allow the effect of door

modulation on managing flow rate to be tested.

1. Venting

Venting for all release configurations shall be sufficient to preclude develop-

ment of negative pressures (less than ambient static) for all release conditions,

Venting on the Standard Tank shall be closable when pressurization options are
under test,

8. Regulated Pressure

The Standard Tank shall be able to be pressurized on door opening to the extent
necessary to achieve the following performance:

1, Regulate pressure sufficiently to offset gravity nead loss in

achieving near constant flow rate from the one-third door exit,

2. Regulate pressure to achieve near constant flow at an evacuation

rate equivalent to that achieveable with approximately 30 percent
greater ejection velocity,

Since the pressurization will be initiated only on door opening, the doors are
not required to retain the load under pressure conditions. (For a 4-foot tank,

peak pressures will be on the order of 6 psi. )

Regulated pressure shall be provided to two levels from the time of door

opening to tank evacuation as expressed above and explained in the following
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paragraph, Because the intent of this experiment is to generate an approxi-
mately constant volume flow rate, regulation shall be provided such that

Pressure X Volume increases constantly with time,

The constant flow rate to be approximated shall be selected as the peak value
of flow rate achieved from the one-~third door of the Standard Tank.

NOTE: Pressures required are low, 0to 1, 7 psi (4-foot head) in the head
replacement case and 0 to 6.5 psi in the increased rate case, Flow rate is
high, on the order of 2, 600 cubic feet per minute, Regulation may be pro-
vided either by a time-calibrated valving arrangement or through a closed-
loop system operating off head measurement, Because intent of this experi-
ment is to assess the regulation as it affects flow, an approximate technique

is acceptable and Bernoulli equations may be used:

P+1/20V2+ pgz = K

where
P is the pressure (pound/feetz)
p is the fluid density (slug/feetB)

V is the velocity (fps) calculated from simulation or obtained from test

on an unpressurized tank,

Z is the head height (feet).

Initial ejection velocity from the MacPhearson simulation is 18, 5 fps for a

4-foot initial head, Sloving for K under this

P+ pgZ = 250 (pound/feetz)

Under these conditions, the range of regulated pressure is 0 to 1, 7 psi,
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For an ejection velocity of 30 percent greater (25 fps),

P+ pgz = 930 (pound/feetz)
Under these conditions, the range of regulated pressure is 0 to 6.5 psl.
Design provisions for including the pressurization option will include a suitable

pressure generator or accumulator, plumbing, and valving which shall be

considered part of the total weight for purposes of aircraft loading,

9. Instrumentation

The ETGS shall provide a flash indication of sufficient intensity, duration, and
location to be visible from ground cameras upon (1) receipt of the command

to open the doors and (2) the completion of door opening,

It is desirable that the tank include instrumentation to measure door-opening
time histories and to record flow rate histories of tank evacuation and pressure
during release, This will be possible both in flight and during ground tests.
These records should be referenced in time to the command signal for release

as shown in Figure 87,
It is desirable (but not mandatory) that appropriate aircraft flignt data imme-

diately prior to and during release be collected on the same time base. Such

data may include airspeed, groundspeed, altitude, and acceleration,

10, General Construction

The ETGS will provide for regulated loading of the separately fillable compart-

ments that facilitates quick turnaround and adequate control.
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The ETGS will be designed so as to be structurally and functionally safe for
use with the selected aircraft,

The tank will preserve center-of-gravity shift limits within those compatible

with the safety of the aircraft.
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VI, CONCEPT STUDY

A, BASELINE AIRCRAFT

A requirement of the contract was evaluation of three distinct types of air-
craft: Bomb Bay Release, Tail Release, and Helicopter. For purpose of the
original study, the C-130, P2V, and CH-47 helicopter were chosen; the S2 and
C-119 were also considered during the course of the study. Payload quanti-
ties to be considered were obtained from operator's manuals, flight handbooks,
and other publications. Actual capacities vary with the specific model because
of considerations for fuel load, maneuvering load factor, and structural modi-
fications for conversion to a tanker, For study purposes, nominal payload

weights were established for each of the candidate aircraft,
Other factors that should be considered in choosing a tanker are:

e Aircraft Capacity Versus Maneuverability -- The altitude breakpoint

between unaided and aided accuracy is in some respects a tradeoff
between aircraft capacity and maneuverability, The maneuverability
index is relatively complex and beyond the scope of the current study.

The effects of some of those factors are indicated in the accuracy study.

e Aircraft Visibility -- The other factor determining the altitude

accuracy breakpoint is aircraft visibility. The effect of visibility is

further discussed in the accuracy study.

e Aircraft Capacity -- Another factor in aircraft selection is the rela-

tive ease of tank inclusion at or near the center of gravity. In
general, to achieve the levels of volumetric controls desired, the

area should be free of volumetric restrictions. This suggests that
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high-wing aircraft are preferable to low midwing aircraft in terms

of the permissibility of the design within structural restraints.

Although many of the factors in aircraft selection relate to decisions on avail- -
ability, airport and runway limits, and tactical considerations beyond the scope
of this study, they do influence the nature of the tank design. There is a legi-
timate distinction between small-capacity aircraft and large-capacity aircraft
in terms of tank design characteristics, This distinction is believed to be
more fundamental to the tank design problem than the distinction between tail
release and bomb-bay release of the retardant loads, It further appears that
the mixed-fleet concept currently in use provides a valid aircraft complement;
both accurate low-level and high-capacity, high-level aircraft are available,
and each would appear to be effective in different roles, Although with target-
ing aids and volumetric controls, high-capacity aircraft could potentially
replace the small dive bomber in functional capability, there still may be
tactical advantages associated with smaller aircraft in first attack and followup
missions against spotting that should be preserved and improved using the
techniques under development in this program, For this reason, the S2 was
added to the baseline aircraft as one of the few small bomb-bay aircraft
available,

B. RELEASE METHODS

Fundamentally there appears to be little difference in the pattern formed by
tail or bomb-bay release, The physical principle associated with rearward
ejection of the retardant mass is the relative reduction of the retardant velo-
city with respect to the free airstream, which in classical stripping theory
suggests the formation of larger and consequently more stable drops. Our
initial attempts at simulation approached the problem from this standpoint, but
as shown in Section IV, this form of stripping is not a significant factor for
three reasons:
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1. Classical stripping off the surface of the retardant mass does not

account for a significant volume loss.

2. To achieve drop size increases, the velocity must be reduced to

about 60 fps requiring a considerable ejection velocity.

3. If breakup has not been induced at this point, the low-velocity
retardant mass will accelerate substantially without breakup to

velocities comparable to the initial release condition,

Because the survival principle is not valid, the only advantage of rear ejection
is that it permits a modular tank approach, However, pressurization is
required since gravity alone is inadequate to assure adequate flow from the
center of gravity to the aft release point. For this reason, bomb-bay release

is generally preferable to the tail-release mode,

From an engineering standpoint there are some complicating factors in tail
release., Release at or near the center of gravity is easier to handle than at
some other location, and it is somewhat easier to work in the direction of the

gravity vector than at angles to it.

From a tactical standpoint, bomb bay aircraft are more naturally used in a
dive bombing mode than their tail release relatives. These values are to a
certain extent offset by the potential capacity of tail-loading cargo craft, their
availability, and their potential for use (without modification) as a reserve
fleet. For dedicated operation, it seems practical to consider conversion to

bomb bay release in a manner similar to the current C-119 modifications.

In general, then the fundamental relationships of aircraft types can be
described as follows:
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First Attack Capability: Bomb bay -- fast to the target, superior
accuracy. Capable of delivering high,
decisive mass in toss or dive bombing
mode, Can be designed for good line

building.

Sustained Attack: Large helicopter -- can deliver a cool-
ing flux. Superior accuracy. High-

volume turnaround,

Reserve Capacity: Unmodified (modular) tail-release air-
craft -- Potentially high-volume capa-
city with good short-runway capability
and ability to operate off relatively

unimproved air strips.

C. DIRECT-ATTACK SYSTEMS

As a first concept study, let us isolate the direct-attack system. It is rela-
tively straightforward, simple, and serves as a departure point for evaluating
other systems as we proceed from the simple to the more complex. In addi-
tion, the direct-attack capability places greater restrictions on tank geometry
and is therefore mcre sensitive to aircraft configuration than line-building

operation,

The requirements for a deep penetration or direct-attack tank system are
shown in Figure 88. Most of the characteristics have already been discussed.
The significance of tank cleanliness and fast-opening doors requires some
elaboration. Tank clutter produces a reduction in flow rate, but it also intro-
duces turbulences and instabilities that contribute to early breakup of the liquid

mass. Inadequate venting creates the same effect,
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DESIRED CHARACTERISTICS

® L ONG DOORS

® LENGTH-TO-DIAMETER RATIO OF 3 OR LESS
® MAXIMUM DOOR AREA (FLOW RATE)

® FAST-OPENING DOORS

® CLEAN TANKS

PERFORMANCE

® SMALL AIRCRAFT: 2-PASS CAPABILITY
® L ARGE AIRCRAFT: 4-PASS CAPABILITY

GENERAL

® MUST FIT WITHIN ALLOWABLE AIRCRAFT GEOMETRIES

® MUST ALLOW 20 PERCENT DOWNLOADING WITHOUT MAJOR
CHANGE IN PERFORMANCE

® SHOULD YIELD COMPARABLE TRAJECTORIES FOR ALL
COMBINATIONS OF DROPS

Figure 88, Requirements for Deep Penetration
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The significance of door-opening rate in the direct-attack mode is shown in the
MacPhearson simulations in Figure 89, The door affects both the flow rate, as
shown, and the geometrical shape of the emerging liquid. Trailoff is actually

an insignificant portion of the losses in the salvo mode,

Figure 90 compares the effect of two door-opeuning rates on end performance.
It shows that doubling the door spced reduces inadequate flow volumes by

significant amounts.

The effect of door opening on the geometry of the early release increments is
shown in Figure 91 for doors opening with a constant length to the flight path
and a constant width to the flight path, In either case, the early increments
are subject to degrees of premature breakup, but through different breakup
principles., Neither approach eliminates the fundamental problem, but the
amount of premature breakup can be minimized by increasing the door-opening

rate,

The possibility of using pressure to encourage deep penetration and increase
momentum was also evaluated by applying the MacPhearson simulation to a
salvo drop with 7 psi and 14 psi constant pressure, Figure 92 shows that
little change is caused by the pressure itself, and the effects ultimately are
little different from what might be achieved if flow rate were held constant.
There is also little difference in the downrange marginal distributions as
shown in the figures.

The issue resolves, therefore, to the value of additional penetration (depth
below the aircraft) of the high-momentum portions of the trajectory.

The trajectory comparison of Figure 93 shows that pressure on the deep-
penetration tank results in about 50 feet of additional penetration, This mini-
mal improvement (substantially less than that achieved in a dive mode), in

association with the mechanical difficulties of implementing such a system,
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suggests gravity release as the best technique for achieving salvo release for

direct-attack missions.

One of the concepts selected for evaluation was a large aircraft designed

specifically for the direct-attack mission., By definition, the large capacity
value was specified to be on the order of 2, 500 to 3, 000 gallons. In addition,
the ability to deliver effectively in four passes from a single load is desired.

Typical aircraft selected were the P2V, C-119, and C-130,

The effect of release geometry on trajectory and pattern formation requires
further refinement in terms of the experimental design. To explore the
direct-attack concept, it was necessary to assert some dimensional charac-
teristics, Evidence (Section IV) indicates that the length of the tank deter-
mines the initial value of acceleration on the liquid drop and, therefore, that
if repeatable trajectories are desired increments should have, insofar as
possible, similar length characteristics, Other evidence suggests that a
tank can be too long (or concomitantly to thin), resulting in stringing out of
the material. Since the critical value of this length-to-diameter value is not
known, an arbitrary limit of 3:1 was assumed. A similar limit was placed
on hydraulic head (length-to-head ratio).

Intent of these limits is to assure that the frontal instabilities dominate, with

as little mass lost to separation due to the development of horizontal instabili

ties as possible. In any case, these assumptions will suffice in the prelimi-
nary generation of tanking designs for the direct-attack system until more

quantitative techniques of assessing release geometry tradeoffs are developed.
Applying dimensional limits to the liquid volumes of interest, the graph of

Figure 94 was developed. It allows us to select the idealized optimum tank

for various values of cargo gallonage in the direct-attack mode,
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Figure 94. Door Dimension Relationships for Fixed Trajectory Systems

Figure 95 represents the abstract ideal tank for deep penetration with four
increments of delivery capability, all essentially traveling in the same tra-
jectory. The concept was generated on the basis that, if such an idealized
system could be maintained, it would perform in a near optimum manner.

Unfortunately, it cannot be contained in most of the aircraft of interest.

To permit ease of aircraft evaluation, dimensional analyses were run on the
C-119 and P2V to determine appropriate options, These are shown in Figures
96 and 97,

In the curves of these figures, the overall limits are determined by the air-
craft dimensions, but within these limits there is a maximum weight of retardant
that can be carried and desirable ratios of length to width and of height to

width as discussed earlier. Thus the tank must fit above the desired incre-

ment line and to the left of the head-limit line,
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Figure 95. Abstract Tank to Optimize Deep Penetration from
Large~Capacity Aircraft, Four-Pass Capability

The inability of the ideal tank to fit aircraft of major interest led to the con-
sideration of alternatives. Relaxing the requirement for four-pass capability
to allow three delivery increments provides a tank that will fit the geometri-
cal limits of the C-119 as shown in Figure 98, This is a valid position, since
the 800-gallon increments are reasonably well suited to higher altitude
delivery. The tank will still not fit the P2V volume envelope.

Fitting the tank to the P2V requires some compromise over the fixed-
trajectory approach, either tandem tanks or four longitudinally separated

tanks exceeding the length-to-diameter limit, The tanks are shown in
Figure 99,

In conference with the Forest Service, it was agreed that a small aircraft with
capacity under 1, 000 gallons should be designed primarily to preserve the
direct-attack capability. This results because altitude survival and the

decreasing accuracy that results as altitudes increase place a premium on
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quantity, Thus, the desire is to improve performance in the direct-attack
mode by increasing the effective altitude rather than by extending the altitude

to an arbitrarily high level,

The S2 was selected for the baseline aircraft, one of the few bomb bay air-

craft available for such applications. It is shown schematically in Figure 100,

Figure 101 shows three conceptual S2 tanks in steps of increasing complexity
and capability, Each retains the capability of the one above, with an addi-
tional feature added. The middle concept is recommended as the basis for

an operational system, performing the deep-penetration mission with a low-to-
moderate altitude line-building capability. The third design provides a high-
altitude line capability, but clutters the tank (potentially reducing perform-
ance in the deep-penetration mode) and roughly doubles the number of opera-
tional tank parts. The additional complexity is not offset by improved capa-
bility because the 450-gallon increment is marginal at best for higher altitude
line building.

The recommended tank concept uses external actuators and an interlocking
two-door arrangement on each half tank, The hydraulic system and accumu-
lator used withthe military version of the aircraft is believed to be a good
system for fast door opening, with torpedo doors opening in 0, 5 seconds,
The tank is similar in performance characteristics (both trail and salvo) to
the current Aero Union B-17 in respects other than total volume,

The longitudinally oriented trail door drains each tank increment equally,
requiring no cross flow through the baffles, This trail door is a two-stage

door described later in the discussion of line building.
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Figure 101, S2 Deep Penetration Tanks

D. LINE BUILDING SYSTEMS

Line building is limited to large-capacity aircraft because they are the only
aircraft that can carry sufficient retardant to produce a significant line from
high altitudes. The requirements for line building differ substantially from
those applied in direct attack. Substantially, it is a matter of controlling flow

rate and breakup to match the pattern desired with altitude.

The five basic techniques of rate control are shown in the matrix of Figure
102, Basically, there are two options that bear comparative evaluation: the
strictly gravity feed door system and a moderate-to-low pressure combina-

tion system.
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Figure 102, Five Techniques of Flow Rate Control

There are two basic types of line-building systems:

e Those that develop line from a series of incremental salvo drops,

relying on airstream breakup to encourage pattern length,

e Those that meter flow from the tank, allowing the aircraft to
accomplish the linear spread of the pattern,

Let us look first at the salvo mode. In general the long thin tank (length-to-
diameter ratio greater than 4) is preferable in that the mechanism of breakup

encourages elongation of the pattern,

Following this approach, the design of Figure 103 looks roughly like the
current P2V tank, whose six tank increments represent high length-to-diameter
values, It is also similar in characteristics to the TBM.

Problems with this type of system are in its total reliance on aerodynamic
breakup, the lack of uniformity, and the lack of controlability through tank-
ing parameters. It is concluded that metered systems offer a better chance of

improvement,
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Metered-flow or trail-type systems offer more flexibility, greater control,

and improved uniformity of line patterns.

The effect of various tank parameters on line-building efficiency with a gravity
flow system is shown in Figure 104, Unlike the salvo mode, it is little
affected by door-opening rate, but is considerably reduced by loss of head in
the terminal stages of operation. The door in any such system must be sized
to provide an average flow rate compatible with line-building requirements.
This average is a compromise between overconcentration and underconcen-

tration.

One method of moderating the average flow rate is the use of a two-stage door
as shown in Figure 105, The door opens fast to the level established for the
desired line, It then engages a stop that reduces the opening rate during the
remainder of travel, The net effect is a relatively simple method of increas-
ing the useful line in gravity feed systems, This type of operation is recom-
mended for line building in a gravity feed mode, but it is not useful if pres-

surization is available,

Even small pressures help considerably in line building if they are regulated.
Under these conditions a minimum pressure, simply to compensate for tﬁe
loss of head, can be used with a selected door area to appreciably lengthen
the continuous line as shown in Figure 106, The value of this approach weighs

heavily in favor of the use of pressure.

With metered flow, flow rate becomes the dominant control parameter in
association with release geometry, Figure 107 shows the range of variation
that may be required. This estimate allows us to judge the flexibility of
various options in terms of providing a full range of altitude coverage.

Tank release pressure achievable with typical aircraft power applied over a

10-minute pumping time into a suitable accumulator were estimated as a
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function of accumulator size to tank volume ratios. These values, shown in
Figure 108, may also be considered typical of those for stored or bottled

pressure systems rechargeable in the field for purposes of this evaluation.

The volume pressure restraints were then compared with the basic flow estab-
lished by the door-opening area. From Figure 109 it is apparent that a one-
door system requires substantial pressures to achieve a full range of variation.

The more door areas available, the less pressure is required.

The matrix of Figure 110 evaluates the pressure, accumulator volume, and door
options for a 3, 000-gallon tank. It shows that, with three or four increments,
relatively low pressures can be used to achieve the required flow rate varia-

tions, with little penalty in volume or structure,

The pressure assist technique yields twice the number of rate options offered
by the door system alone, This becomes increasingly significant as altitude
increases.

As shown in Figure 111, a schematic concept for a pressurized system using
the P2V tank as a basis was generated to assess the practicality of the pres-
sure system. Essentially, it requires a programmable pressure value, but

the system appears well within state-of-the-art considerations,

Estimates of the relative line lengths, considering 10 percent better regula-
tion for the pressure system in offsetting head, show a significant increase in

capability. It is therefore recommended for the line-building option.

Applying either the door or pressure technique implies similar options for
the tanking system. Although the selection of door size and application tech-
nique is properly the subject of detailed design, the options shown in Figure
112 are available, with more or less equivalence.
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Figure 112, Alternative Line-Building Systems, Pressure-
Augmented of Modulated Door
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There appears to be little penalty in achieving a combination system. These
are shown schematically herein for the C-119 and P2V tanks.

To confirm the results of these studies, a test bed tank system is needed for
use in conjunction with the C-119, an available vehicle with adequate size,
door area, and volume to carry the test bed,

E. HELICOPTER SYSTEMS

The helicopter design study matrix of Figure 113 shows a legitimate emphasis
on quick-turnaround systems capable of delivering tremendous quantities of
retardant from remote bases. Volumes up to 10, 000 gallons per hour were
shown by Aerospace Studies,

HELICOPTER
RETARDANT
TEST BED AND
SPECIAL APPLICATIONS
ADVANCED CASCADE CONSIDER QUICK TURNAROUND

SYSTEMS SUCH AS:
(WITH VARYING RHEQLOGICAL
PROPERTIES) ® SLING-LOADED
@ RIGIDLY ATTACHED

CONTAINS CONSIDER QUICK TURNAROUND

SYSTEMS SUCH AS:
PREFILLED CAPSULES OR BAGGIES,

SELF-FILLING CONTAINERS, FROZEN, ® SLING-LOADED
HYBRID OR COMBINATIONS OF ABOVE; ®RIGIDLY ATTACHED
OTHER AS PROPOSED BY CONTRACTOR ®OTHER

Figure 113. Helicopter Concept Matrix
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Containerized delivery is only marginally practical for the helicopter., In
addition to problems previously discussed in achieving good ground coverage,
the logistics problem of container resupply is potentially great. The per-
missibility of the helicopter in selecting delivery velocities and a relatively
lower altitude requirement also suggest that the potential advantages of con-
tainerized delivery in improving survivability will be minimal, Containerized
delivery is therefore not recommended as an option for helicopter use, This
does not apply to large reusable containers such as those used in sling car-

riage,

Retardant selection for helicopter operations is less critical in achieving per-
formance than for fixed-wing aircraft. Indeed the advantage of remote base
operation may in some cases be achieved with unmodified available water, at
least in the early stages of remote operation before true retardant bases can
be established.

We have therefore specified the following baseline retardants for differing
application:

e Where high-speed delivery is retained as an option, the same

retardants used for fixed-wing aircraft will be employed.
e Where high-speed delivery and low-speed capability are included,
some mechanism to supplant airstream induced breakup will be

included.

. Where moderate- or low-speed delivery is the only option, water,

and water-like retardants, will be used as the baseline,

Three general approach may be defined for helicopter conceptualization as
shown in Figure 114,
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. Internal carriage, in which helicopters perform substantially as
airtankers, but with a remote base operating capability and with
the freedom to select their delivery velocity to modify pattern
density.

° Sling Carriage, a lesser capacity system with potentially high
turnaround rates, a limited high-speed delivery, and a potential
limitation on the way the retardant is released to avoid intro-

ducing a destructive oscillation or pendulum motion,

e Conformal Carriage, a sling-like system that avoids the limitations
on retardant release by pulling the tank into swaybrace contact
with the fuselage,

The relative merits of these options are clarified by viewing the relationship
of the aircraft to the fire and its local turbulence conditions. Flyover systems
require the aircraft to pass through the fire-induced turbulence with altitude
alone as a safety factor. They are thus low-momentum systems of limited use
in direct attack, but good in line building. Any system imparting significant
velocity to the retardant mass allows the helicopter to avoid the fire turbulence
while directly attacking the fire,

The cargo weight capacity of a helicopter varies with altitude density and on
the method of loading and delivering the retardant as shown in Figure 115,

The top curve shows the payload capacity for airbase operation. The middle
curve shows the capacity for hovering reload, and the bottom curve shows the
capacity for a system in true remote operations where takeoff must be vertical

or where the retardants must be released while hovering.
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Figure 115, Cargo Weight Analysis for CH47 Class Helicopters

Using parasitic weight estimates for various tanks, the loss in efficiency
resulting from the weight of unused tankage was evaluated in several situations
as shown in Figure 116, This shows that the greatest efficiencies are achieved
when the tank is designed not to a maximum capacity but to a capacity typical
of its real mission,

The significance of overcapacity for a given mission is amplified by the turn-

around times achieved in various modes of operation as shown in Figure 117,

It was concluded that:

° The airbase type of internal tank should not be required to deliver

in a true hover,

° The nominal carriage capacity for a remote operation tank should
be about 17, 500 pounds, a compromise between Improved Remote
and Restricted Remote operation,
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TANK IMPROVED RESTRICTED 6,000-FOCT
TANK CAPACITY AIRBASE REMOTE REMOTE HOVER
SIZED IN OPERATION OPERATION OPERATION DELIVERY
FOR (GALLONS) (GALLONS) (GALLONS) (GALLONS)
AIRBASE OPERATION 2,200 1,600 1,100 800
IMPROVED REMOTE OPERATIONS 1,700 1,700 1,200 900
RESTRICTED REMOTE DELIVERY 1,400 1,400 1,400 350

Figure 118,

INTERNAL
TANK

EXTERNAL
TANK
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Loss in Efficiency Resulting from Weight of Unused
Tankage
CAPACITY AIRBASEL IMPROVED RESTRICTED
IN OPERATION REMOTE REMOTE
OPERATION OPERATION
FOUR-HOUR TURNAROUND vOLUMES
TANK ONE LOAD/ THREE LOADS/ FOUR LOADS/
SIZED HOUR HOUR HOUR
FOR {(GALLONS) (GALLONS (GALLONS)
AIRBASE TANK 8,800 19,200 17,600
IMPROVED REMOTE 6,800 20,400 12,200
TANK
RESTRICTED REMOTE 5,600 16,800 22.400
TANK
NOMINAL 17,500 POUNDS 6,600 19,800 19,680
STORE
Figure 117, Selection of Nominal Payloads




The internal tank selected for the CH-47 was a modular tank that is ramp-
loaded into the aircraft without modification at the time of need. It operates

through the 40-inch square hoist door as shown in Figure 118,

Figure 119 shows the two basic tanks chosen for evaluation. They differ pri-
marily in methods of managing the internal volume, with the more precise
tank requiring more head room and consequently a slightly more complex

method of inserting the tank into the aircraft.

The significance of such precise measurement is minimal; at low flow rates
(low-velocity delivery mode) it is possible to terminate flow by gradually
closing the doors. Consequently, the less complex tank is recommended for

internal carriage,
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LOW-SPEED ~ 60 TO 150 fps
TYPE OF TANK: MODULAR (NO AIRCRAFT MODIFICATION}

Figure 118, Internal Carriage for the CH47
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The recommended design shown in detail in Figure 120 contains 2, 200 gallons
in seven 300-gallon (nominal) compartments. Each compartment is
individually opened or closed by a pneumatic or hydraulic door to preclude
excessive center-of-gravity shifts during flight and to allow unrestricted flow
to the door, It also allows downloading without loss of head by closing off the
extreme compartments. A louvered door provides for two types of opening,
one for high flow rates (high-speed mode) and one providing a lateral

impetus to the retardant to encourage a wide pattern and retardant breakup,
Retractable wheels allow the tank to be ramp loaded and lowered into position
over the hoist door,

Although the louvered door does not satisfy the desire for a clean door open-
ing; this is not considered significant for 2 fast breakup system, and it does
require limited clearance for door opening, allowing the aircraft to land if

the doors should fail open,
The possibility of using a similar tank on the S64 was also evaluated. It ap-
pears, however, from Figure 121 that the tank should be foreshortened and

increased in height to facilitate loading on the cargo pads of the helicopter,

1. External Carriage

Figure 122 shows a high-density load suspended at the center of gravity. This
imposes no fundamental limits on aircraft performance beyond normal gross
weight limitations, although there are some minor limits on banking. The

evacuated container does impose a velocity limit on the return flight because

of aerodynamic trailing.

However, evacuation of the cargo may be critical because the container will

react to any thrust resulting from unbalanced fluid flow., The resulting
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Figure 120, Modular Tank, CH47
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Figure 121, Skycrane Class Tank

oscillations can potentially build up to a destructive level. The currently
used cable and winch system is limited by the cable strength to a capacity of

12, 000 pounds, Systems developed to carry more weight would require air-
craft modification,

2, Conformal Carriage

If the retardant container is hoisted into firm swaybrace contact with the
helicopter fuselage, sensitivity of the external container to load-generated
thrust is minimized and full high-speed evacuation of an external load can
be achieved,
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Figure 122, High-Density Load Suspended at Center of Gravity
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Figure 123 shows a possible system using an auxiliary pulley system with 1ift
controllable by a crewman stationed at the hoist, This system can drop the
cargo hook and empty container about 25 feet in one minute, but hoisting
requires 5 minutes, Therefore, for minimum turnaround time with this
arrangement, lifting must be done en route to the target, with the crewman
operating through the 40-inch-square door to maneuver the load into ade-
quate contact with the fuselage. Special crew training would be required even

if this system is practical from an engineering viewpoint.

PULLEY PLATE

TIEDOWNS (4)
TIEDOWN LUG

WINCH

5X5 PLATE

‘ \ \
BA G
<&

12,000-POUND LIMIT

CARGO HOOK

5-FPM LIFT RATE

Figure 123. Scheme for hioisting I.oad to Swaybrace Contact
Using Existing Winch
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Conformal carriage has some potential advantages that might be considered
for Sky Crane helicopters as shown in Figure 124, The advantages of this
specialized system can only be determined by a cost-effective analysis beyond

the scope of the present study.

3. Sling Reservoir

Another method of reducing the sensitivity of external storage to load-generated
thrust is to carry the retardant in a replaceable pressure vessel, with a
pumping and delivery system carried in the helicopter as shown in Figure 125,
There is ample power for pumping the retardant at rates required, but the
weight of the pumping and delivery system will reduce the possible load-
carrying capacity, Fundamentally, the issue resolves into the tradeoffs
between using gravity as the releasing force and adding the weight and com-
plexity necessary to operate against this force. Standoff or fire hose delivery
might be achieved, but this potential advantage in some situations is difficult

to justify because in the primary mission gravity drop is superior.
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APPENDIX A

OTHER DELIVERY CONCEPTS

1, CONTAINER CONCEPTS

To assure as wide a range as possible for conceptual evaluation, a number of
containerized delivery concepts were generated (Figures Al through A9),
This range of possible approaches extended from relatively simple dunnage to
structurally organize the retardant load to complex containers participating
actively in the release and dispersion of the retardants at or near the ground.
Although all of the containerized concepts involve logistics, handling, and
cost implications, these factors do not necessarily cause rejection. Instead,
studies presented in the basic text showed that they did not, as a class, offer
potential improvements in delivery effectiveness sufficient to offset their
attendant disadvantages,

This results partly because the high-altitude capabilities of a well designed
retardant system operating in a cascade mode were underestimated prior to
the Maranna tests, However, the relative value of containers could increase
considerably if water were the only available retardant, or if they were used
to deliver suppressants performing in a substantially different way than those

associated with current retardant mixtures.

Although all were rejected in favor of improved cascade systems, they are
presented here as a historical record and as possible enabling candidates to
deliver special suppression systems that might evolve under some future
study.
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HYDROPHILIC
SPONGE
MATERIAL

FILLING
PORTS

DESCRIPTION

® UP TO 1/2<GALLON, HOLLOW,
SELF-FILLING SPONGE
SPHERE

o CARRIED WITHIN RETARDANT
TANK(S)

@ CONVENT/ONAL CASCADE
RELEASE

® SPLASH-DISPERSION UPON
IMPACT

Figure Al. Impact Burst, Sponge Sphere

POLYETHYLENE

OPEN
TOP

AIR-FILLED
DOUBLE WALL

CLOSED
BOTTOM

DESCRIPTION

® UP TO 1/2-GALLON, SELF-
FILLING CAPSULE

® CARRIED WITHIN RETARDANT
TANK{S)

® CONVENTIONAL CASCADE
RELEASE

® SPLASH-DISPERSION UPON
IMPACT

Figure A2, Impact Burst, Thin-Wall Capsule
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RIGID
STRUCTURE

~IMPACT
SENSOR AND
Fl£X|8LE/ PRESSURE
MEMBRANE SOURCE

DESCRIPTION

® UP TO 1/2-GALLON, PREFILLED,
SPHERICAL DISPENSER

@ CARRIED WITHIN BOMB BAY OR
CARGO SECTION OF AIRCRAFT

® |MPACT-SENSOR-ACT IVATED
PRESSURE SOURCE

e IMPACT SENSOR ARMED UPON
RELEASE

® PRESSURE SOURCE ACTIVATED
UPON IMPACT

® RETARDANT DISPERSION FROM
NOZZLE SPRAY AND DISPENSER
SKITTER

Figure A3,

Impact Burst, Skittering Dispenser

PARACHUTE ~\ _ —
- e
/. . -

PRESSURE
SOURCE

SPRAY
NOZZLES

~- PENETRATOR
. SPIKE AND
A )+t IMPACT SENSOR

RIGID DISPENSER
STRUCTURE . ./

DESCRIPTION

® 5- TO 25-GALLON,
PREFILLED SPRAY DISPENSER

® CARRIED WITHIN BOMB BAY OR
CARGO SECTION OF AIRCRAFT

o IMPACT SENSOR AND DISPENSER
PRESSURE SOURCE

® PARACHUTE FOR DESCENT
VELOCITY CONTROL

® UPON RELEASE LANYARD DEPLOYS
PARACHUTE AND ACTIVATES
{MPACT SENSOR

@ SPIKE CONTACT WITH RELATIVELY
RIGID SURFACE ACTIVATES
PRESSURE SOURCE

® RETARDANT DISPERSED UNDER
PRESSURE THROUGH NOZZLES

Figure A4,
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SPIN FLUTES

SELF-FILLING
PORTS

THIN-WALL
STRUCTURE

DESCRIPTION

® UP TO 1/2-GALLON, SELF-
FILLING THIN-WALL SPHERE

® CARRIED WITHIN RETARDANT
TANK(S}

® CONVENTIONAL CASCADE RELEASE

@ BALLISTIC FLIGHT UNTIL SPINUP

® MAGNUS DISPERSION OF SPHERES
@ RETARDANT PORTING AFTER SPINUP.

Figure A5,

Airburst, Spinning Sphere

DISCHARGE
NOZZLE

RIGID
OUTER WALL

FLEXIBLE
INNER WALL

DESCRIPTION
® UP TO 1/2-GALLON, PREFILLED,
DOUBLE-WALL DISPENSER

® CARRIED WITHIN BOMB BAY OR
CARGO SECTION OF AIRCRAFT

® TIMER-ACTIVATED PRESSURE SOURCE

® ALTERNATIVE: PRESSURE-FILLED,
ELASTIC SINGLE-WALL DISPENSER

® UPON RELEASE, LANYARD
ACTIVATES TIMER

® AT TIMER RUNOUT, PRESSURE
SOURCE INITIATED

TIMER AND ® RETARDANT DISPERSION FROM

PRESSURE NOZZLE SPRAY AND RANDOM

SOURCE DISPENSER FLIGHT PATH,
Figure A6. Airburst, Skittering Dispenser
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PARACHUTE

EVENT

PRESSURE TIMER

SOURCE

DIAPHRAGM

DISCHARGE
NOZZLES

DESCRIPTION

@ 10- TO 100-GALLON PREFILLED\
DISPENSER

@ CARRIED WITHIN BOMB BAY OR
CARGO SECTION OF AIRCRAFT

® MECHANICAL TIMER FOR PRESSURE
SOURCE [NITIATION

® PARACHUTE FOR DESCENT
VELOCITY CONTROL

® {PON RELEASE, LANYARD ACTIVATES
PRESET TIMER AND DEPLOYS
PARACHUTE

® AT TIMER RUNOUT, PRESSURE
SOURCE ACTIVATED AND NOZZLES
OPENED

® RETARDANT DISPERSION FROM
NOZZLE SPRAY AND DISPENSER SPIN.

Figure AT.

Airburst, Pressure/Nozzle Dispenser

OPTIONAL

PARACHUTE
N

\._\
7/ 7
/

(o )

LANYARD

SUSPENSION
RING

SETTABLE

LOAD STRAPS TIMER

TEAR STRIP

DESCRIPTION

! @ 1- 70 100-GALLON PREFILLED
DISPENSER

® CARRIED WITHIN BOMB BAY OR
CARGO SECTION OF AIRCRAFT

® MECHANICAL TIMER FOR
DISPENSER OPENING

® OPTIONAL PARACHUTE TO
DECELERATE DISPENSER

® UPON RELEASE, LANYARD ACTIVATES
PRESET TIMER [A - f th, V, p}JAND
DEPLOYS OPTIONAL PARACHUTE

® AT TIMER RUNOUT, TEAR STRIP IS
ACTIVATED AND AERQ/HYDRO
FORCES CAUSE BULK RELEASE

®RETARDANT DISPERSION CAUSED
BY IN-FLIGHT EROSION.

Figure A8. Airburst,
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AN

EXPLOS IVE-FILLED
BURSTER TUBE

TIMER AND
SAFE AND ARM
MECHANISM

PRESCORED
CONTAINER
STRUCTURE

DESCRIPTION
® 5- TO 50-GALLON PREFILLED
DISPENSER

® CARRIED WITHIN BOMB BAY OR
CARGO SECTION OF AIRCRAFT

® TIMER AND S&A FOR BURSTER
INITIATION

o PARACHUTE FOR DESCENT
VELOCITY CONTROL -

® UPON RELEASE, LANYARD ACTIVATES
TIMER AND DEPLOYS PARACHUTE

® PARACHUTE DEPLOYMENT ARMS
BURSTER CHARGE

@ AT TIMER RUNOUT, BURSTER
CHARGE INITIATED

® RETARDANT DISPERSION FROM
EXPLOS{VE BLAST.

Figure A9,

Airburst, Explosive-Activated Dispenser

2. OTHER CONCEPTS OF FIRE SUPPRESSION

Several radical methods of fire suppression were considered early in the

study to establish a broad base for the investigations and a general catalogue

of possible techniques for future reference and investigation.

jected for one or more of the following reasons: because all investigation was

All were re-

considered beyond the scope of this study, because they were considered

beyond the current state of the art, or because they were determined to be

impractical on close examination,
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a, Use of Drones

Drone aircraft guided to the drop zone by the bird dog could be controlied in
the drop run by terrain-following radar, allowing achievement of low-altitude
delivery without risk to pilots. The expense of such a system is relatively
high, with considerably higher R&D costs. Critical issues are the safety of
ground forces and the reliability of the system, which is exceedingly complex
to implement. It is believed that such a system is not practical within the

current state of the art,

b. Guided Containers

Like drones, these containers are guided to location by the delivery pilot,
Wire or infrared heat seeking guidance can be considered., The device would
burst either within or above the treatment zone., It is potentially capable of
applying heavy retardant or suppressant dosages on small fires from very
high altitudes by providing pinpoint accuracy, It is, therefore, potentially
useful as an armament on high-altitude fire detection planes to provide an
initial attack capability with essentially zero response time. The device
represents a high expenditure that can be justified only in terms of the damage
preventable from such an attack capability. It also requires a high certainty
of determining the nature of the fire and of asserting a real-time decision to
suppress it. Volumetric coverage can be selected by establishing a fuzing
altitude with respect to the fire situation and size.

This type of system is envisioned as a highly effective device in the future,
but it is currently not compatible with the decision/information processes that
could ensure ground personnel safety. It would not in any case represent the
only capability used by retardant aircraft, and was excluded from further
consideration in the current study.

~-203-



¢. Towed Containers

The possibility of achieving faster retardant delivery turnaround times by
aerial pickup of ground-loaded containers appears worthy of further considera-
tion. The towed containers could be controlled by wire guidance techniques to
maneuver below the aircraft, providing release from a considerably lower
altitude than that flown safely by the pilot. The critical issue is the inflight
pickup capability of the aircraft. Such a device could take the form of a

fluid and air-inflated parawing with control surfaces. It could be loaded on
the ground and in any convenient location near the fire where a pickup run
could be negotiated., The extensive investigation required to determine
whether or not this system is economically practical or even usable from the
types of airfields available to the Forest Service was considered beyond the
scope of this study.

d. Use of Explosives

Numerous uses of explosives can be suggested to attack fires or build lines.
These range from the use of conventional bombs to clear fire breaks or throw
dirt on the fuels through cratering effects to devices less damaging to the
environment, Airburst bombs provide blast overpressures that can strip
foliage, knock down trees, and potentially, extinguish fires. These techniques
are limited by ground safety and indeed by the special handling and training
requirements for ground personnel, They are thus rejected for purposes of
the current study. (It should be noted that the delivery of fuel-air explosive
devices to clear helicopter landing zones in brush or forest areas has been
successful under military applications. The resultant cleared area is reported

to be ecologically viable in that recovery is exceedingly rapid.)
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e. Incendiary

Two approaches that involve the use of air-delivered incendiaries have been
used to create prescribed burns in Australia, The process is to drop care-
fully spaced incendiaries that burn into each other, creating a low-intensity
fire with substantial fuel thinning., Such a technique could be used for back-
firing or fuel thinning in advance of a major fire front, i.e., to provide con-
trolled spotting under reverse wind conditions. The second hypothesis pro-
jects the overfueling of the fire front by adding a flammable fuel. This
overburning effect creates high updrafts (similar to a prescribed slash burn)
and encourages a reverse wind suitable for backfiring. The practicality of
using incendiary approaches is restricted by the necessity for a predictive
knowledge of fire behavior, the ability to deliver the incendiaries only where
they will tend to suppress (not expand) the fire problem, and ground safety.
Although there is some theoretical basis for this application, it is rejected

for purposes of the current effort,
f. Foams

Direct application of foams is used substantially in fighting processed fuel
fires. In an early evaluation of foams, the Canadians suggested that the
foams at that time did not retain moisture, but drained over short time
periods and made footing excessively slippery for ground personnel. An
examination of current foams appears warranted to determine the relative
change in foam consistency and the fragility of foams in air drop. The
potential advance effects of retardant coating thicknesses suggested by
vertical fuel coverage studies suggest that a more reasonable technique for
using foams is to generate them after impact, as it is very probably that air-
dropped foams will not penetrate the forest canopy. However, if dropped in
containers, considerable parasitic weight for the containers is involved. In
general, it appears that, while foams may have a place in fighting wild fires,
they should be used by ground personnel and are therefore not a proper part
of this study.
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g. Intumescents

Certain retardants exhibit some intumescent qualities, i,e., the formation
under heat of a porous flame-resistant cinder, not necessarily a product of
retardant reaction with the fuels, Such an additive effect might produce a
change in the fire spread rate under certain conditions, Delivery of such
devices is not different from traditional retardants and consequently does not
affect the nature of this study.

h, Chemical Inhibitors

Flame inhibitors act in the flame reaction zone to interfere with the forma-
tion of radical chains. They are substantially more effective extinguishers
than carbon dioxide, for example, although their subsequent cooling capability
is marginal. They therefore contribute to knockdown, but do not prevent
rekindling unless a considerable concentration is maintained for some time.
They are typically a gas (bromotrifluoromethane) liquified by compression
that could be used as the sole content of a container or simply as the pressur-
izing agent for a conventional contained retardant. As it is impossible to
maintain an adequate concentration of a gas under any wind conditions, this

technique is not suitable for aerial delivery,

j.  Stable Liquid Vortex

The possibility of ejecting the retardant as a series of stable liquid vortices,
like smoke rings, could potentially delivery retardant over relatively long
ranges intact. Such vortices appear to exist when the density of the vortex
material is on the order of 1,5 times the density of the supporting medium,
For retardants in air, this would imply a considerable aeration. It poten-
tially could be used to apply small droplets or dry salt, although such a
system is deemed impractical under the current state of the art,
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APPENDIX B

WEIBULI, PATTERN ANAI.YSIS

One evaluation of the Maranna data used the Weibull technique of character-
izing pattern distributions. This technique has been shown in most cases to
provide a good fit to actual pattern statistics. A large number of patterns
have been subject to this form of analysis, and with few exceptions the linear
fit relationship appears to apply.

The main purpose for this analysis was (1) to obtain a qualitative indication of
factors contributing to pattern formation not related to those modeled in the
MacPhearson simulation and (2) to determine in a general sense the sensitivity
of M in resolving experimental questions,

The technique was applied to the evaluation of the Maranna test data of the
matrix in Figures Bl and B2. Primary emphasis, particularly early in the
study, was placed on the CL-215 and Aero Union B-17 to develop confidence

in the technique., Figures B3 and B4 present 7T values in terms of the data
matrix, In some cases the data appear orderly. In others, there is consider-
able scatter, In only a few cases were there enough sample points to assess
the effect of variables in a true statistical fashion,

1, CL-215

The CL-215 was one of the most thoroughly characterized aircraft and
results appear to be relatively well organized as shown in Figure B5, These
data are based on actual pattern values in the Maranna Test Series(zs) as
tabulated in Table B-1. Figures B6 through B10 show the relative fit of these
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Table BI. Recovered Retardant Phoschek ® XA, CL-215
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]
ALLITUDE GALLONS ©  RECOVERED <0.2 0.2 70 1.0 TO 2.07T0 3,0 70 4.0 T0 >5.0 PERCENT
(FEET. {GPC: 0.99 1.99 2.99 3.99 4.99 GPCS
IGPC: (GPLY GPC: iGPCH {GPCH
CALLONS 28.6 74.2 56.0 75.4 56.5 17.6 205.2
PERCENT 5.5 14.4 11.3 14.6 11.0 3.4 39.8 73.7
150 700 516 CUMUL ATIVE 19.9 31.2 45.8 56.8 50.2
PERCENT
GALLONS 37.2 77.9 122.1 135.9 131. 70.8 711.5
PERCENT 3.1 6.5 10.3 11.9 11.0 6.0 50.0 89.2
150 1,400 1,137 CUMULATIVE 9.6 19.9 31.4 42, 4a8.0
PERCENT
! GALLONS 113.7 99.2 138.8 89. 84.1 24.9 87.6
I PERCENT . 18.0 15.5 21.8 14.0 | 132 | 3.9 1375 91.0
390 ! 700 637 CUMULATIVE 33.5 35.3 69.3 82.5 8s5.4 100.0
PERCENT
GALLONS 33.8 ;o 109.4 221.2 178.9 156.4 125.2 ! 423.3
: PERCENT | 2.7 8.7 17.6 14.1 12.4 10,0 | 33.8 89.7
3990 i1,400 1,254 CUMULATIVE } 1.4 29.0 335 55,9 65.9 100.0
PERCENT : , .
1 4
1 T
GALLONS 49.9 96.5 222.4 93.9 | 31.3 1 18.2 [ 22.9
PERCENT 9.2 17.3 41.2 18.3 5.9 ! 3.4 | 4.2 77.3
503 . 700 541 CUMULATIVE 27.0 63.2 56.5 42,3 95.¢6
H PERCENT i
GALLONS 24.5 129.3 192.2 212.7 256.4 139.9 ] 231.3
PERCENT 2.5 10.9 1o.1 ; 17.2 21.5 11.7 | 25.1
300 1,400 1,191 CUMULATIVE 13.4 H 23.5 47.3 85,86 5 |
; PERCENT |
H GALI.ONS 31.8 222.6 259.2 20.4
PERCENT 6.1 42.4 4a8.0 3.9 75.2
7au 700 525 CUMULATIVE 48,5 90.5
PERCENT \
H
GALLOKS 25.0 97.5 220.4 259.2 357.4 14961 ! 99,7
PERCENT 2.05 8.0 18.2 21.4 30.4 12.0 86.3
750 1,400 1,215 CUMULATIVE 10.0 28,2 43.6 80,0 920 |
: PERCENT
r—— ——
GALLONS 20.9 105.9 292.3 140.4 17.3
PERCENT 3.6 18.4 50.7 24.4 3.0 g2.4
CUMULATIVE 2.0 72.7 97.1
PERCENT
GALLONS 20,1 115.9 378.8 476.0 127.7 5.4
PERCENT 1.8 10.3 33.7 42.5 10.3 4.3 £0.1
1000 1,100 1.122 CUMULATIVE 12.1 45.¢ 88.3 98.0
[ PERCENY
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Figure B6. Weibull Probability Chart, 150-Foot Altitude, CL-215
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Figure B7, Weibull Probability Chart, 300-Foot Altitude, CL-~215
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Figure BO, Weibull Probability Chart, 750-Foot Altitude, CL-215
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data to the Weibull distribution. (Distributional fits to other aircraft in the

series are similar.)

A linear multiple regression analysis was conducted on the CI.-215 data up
to 500 feet to assess the relative effects of velocity, altitude, viscosity, and
quantity, The results in terms of T are:

o= By VA /C + B2 Altitude + }33 Viscosity + B4 Quantity, .
Standard Order of
B Error Importance

B, Vasc (10 knots) 0,143 0,147 2
B2 Altitude (10 feet) -0. 082 0. 024 3
B3 Viscosity (poise) 0. 035 0. 092 4
B, Quantity (100 gallons) 0. 389 0. 074 1

Multiple correlation value = 0,934

F -test on regression value = 8, 56 :

Although the correlation is meaningful, the significance of the variables is
difficult to assess except in the case of quantity and altitude, the effects of
which were previously known, The surprise is that velocity has a positive
coefficient (M increases with velocity); however, when a similar set of data

were run with tank exit time as a fifth parameter, both exit time and aircraft
velocity became negative,
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2. B-17 INTERMOUNTAIN

A similar analysis was conducted on the B-17 data where larger ranges in

viscosity were evaluated, The results were:

n = B, Velocity of A/C + B, Altitude + B, Viscosity + By Quantity

1
Standard Order of
B Error Importance
B1 VA/C (10 knots) 0.094 0.015 2
82 Altitude (10 feet) -0.029 0. 004 3
B, Viscosity (poise) 0.010 0. 005 4
B, Quantity (100 gallons) 0.113 0.011 1

Multiple correlation value = 0,963

F-tests on regression value =53, 44

The multiple correlation value, which shows a ""goodness of fit" of the result-
ant regression as it approaches unity, was 0, 96+, The dominant factor was
quantity followed by aircraft velocity and altitude. Viscosity appears to be
only a second order effect, i.e., viscosities from zero to 40 poise, a range
wider than that actually tested, would show only a 0, 4 change in the N value,
roughtly on the order of the velocity induced change. Again the coefficient for
velocity was positive, but may be subject to the same ambiguities shown in
the CL-215.

It is clear from these analyses that tanking variability is significant enough
to create substantial noise that cannot be statistically eliminated with the
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number of sample points available, This, then, is one reason for the design
of a standard test tank that can yield data to reduce these differences to

quantitative understanding.

Figure Bll is a scattergraph of the T-versus-altitude data with estimated
N-versus-quantity data. The effect of increased quantity is not as great as
that in the CL-215, nor is the initial value of T comparable. The initial value
difference is substantially attributable to flow rate, whereas the T rate of

change with quantity reflects characteristics of multiple tank opening.

3. PB4Y2

In the remainder of the tanking systems examined there is limited data, and
consequently the analysis can only be conducted in a gqualitative sense,

Figure B12 shows PB4Y2 data. In this case, the managed flow from the tank
differentiates the system from others, as does the method of combining tanks,
The 600-gallon drops are formed from longitudinally separated 300-gallon
tanks; 1, 200-gallon drops are from a line of 300-gallon tanks, and 2, 400-
gallon drops are generated from the side-by-side addition of 1, 200-gallon
increments,

4, C-119

Figure B13 shows comparative data on the C-119 that shows the {irst major

departure from the relatively linear development of pattern values with

quantity, This is attributed to the fundamental lateral separation of the two

tanks used in the 1, 200-gallon drop (two outboard tanks), The net quantity

addition contributes to area development rather than the increase in coverage >

level. Only at higher altitudes does some mixing occur, Again, data are
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limited; viscosities in the subject drops were somewhat low (10 to 15 poise)

and it is difficult to assess the tank comparatively for these reasons.

5. P2V

Figure B14 shows the limited P2V data and annotates possible noise sources.
Here the 1, 500-gallon drop is also a fundamentally separated tank release
composed of adjacent 500-gallon tanks plus a third 500-gallon tank separated
from the 1, 000-gallon bulk. These drops were also of relatively low viscosity
complicating the analysis,

6. AERO UNION B-17

Figure B15 presents data for the Aero Union B-17. The abnormal value (very
low Mat 150 feet) is unexplained. The pattern itself appears unaccountable,

7. CONCLUSIONS

Although data are severely limited and compounded by tanking variables, the
effect of quantity and altitude on pattern values appears to dominate viscosity
and velocity; however, there is some indication that the Weibull 7 provides
some resolution of these second order effects, An additional variable appears
to relate to the method by which tanks are added together to achieve higher
pattern values. These, then, are items to be evaluated further in the test
tanking system,
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