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RETARDANT AIRDROP SIMULATION PILOT STUDY

INTRODUCTION

Airceraft of several itypes have been used for nsarly 20 years to
deliver walter or water-based mixtures onto fuel materials in ths course
of attempts to control or sextinguish wildfires. There have bsen
numarous revisions of techniques and changes of mixture composition
during the years, most of them bsing the resulits of a desire to improve
the distribution of the retardant, its wetting or ceating action on
thes fuel, or iits actual performance once it had bean applisd.

For sxampls, it was recognized early that the thickness, or
viscosity, of the retardent has some effect on the behavior of a free-
falling, cohersnt mass of liquid (Davis 1959), Full-scale field tests
in 195% to 1959, using simultansous drops of differsnt compositions,
showved by simple comparison that thickensd materials resached the ground
in & more coherent mass and in a shorter total lengith of time than
water alone,

Other studiss (MacPherson 1967) have bsen dirscted toward
characterizing the performance of particulaer sirplanes (and their
tank mechanism). One current project is applying engineering
principles to the design of a new load release system {Hawkshaw 1969).
There have been several experimental studies (Wilcox et al. 1961)
and at leest ons theoretical study (Garciaz and Wilcox 1961) of the
behavior of liguid volumes of various sizes falling from rsst in
still air.

In actual practice, viscosity is the most commen, if not the only
field measursment used to control the feoermulation operaticon., Much
mere extsnsive and sophisticated tests should be possible in the context
of a fully equipped laboratory. Howsvser, there does not sssm to bs
much evidence that there is any systewaiic attempt being made to use
all possible modern instrumentation in relating measurable physical-
chemical properties to ths quality of full-scale field performancs.,

The purposs of the work described in this report has been to
explors some of the weasuremsnis that could be wade, and to determine
the feasibllity and advisability of launching & more detalled study.
In the following two sections, the equipment and materials used will
bs described and their performance qualitatively but critically
described.




SUMMARY

Based on the hypothesis that the spatial disiribution on the
ground of fire reitardant materials, dropped from fixed-wing aircraft,
must be a result of the physical properties of the retardan®, a seriesg
of experiments has been run to measurs the dispersal pattesrns obtained
with materials of known densiiy, viscosity, yisld strength, and
surface tension, The objective is the capability of prsdicting what
the dispersal patiern will be from measursments made in the laboratory.

The experimenis smployed a & wm.p.h. wind tunnsl eirstream and
100-ml. samples relsased 30 inches aboves the surface. An array of
cups recessed into the surface trappsd samples {for weighing.

Correlation of the data shows +that the density (specific gravitiy)
of the mixtures has a primary sffsct on the size of the dispersal
pattern. It also shows that as viscosiiy and yileld sitrength increase,
the area covered increases {o a meximum value and then decrsases at
very high velues of viscosity {figs. 1 and 2). Surface tension variss
considerably among the materials tested, but does not seem to bs a
major controller of the area coversd.

Recommendations are made for future study that includss refinsd
wind tunnel axperimenis and correlation of these with acocuratsly
monitored full-scale field tests.

HQUIPMENT AND MATERIALS

Attapulgite clay--water, Colloid 26--watsr, and CMC--watsr
mixtures werse prepared from material samples supplied by manufacturers
from stocks used in blending brand name retardani products, The
Fire-Trol sample came from stocks at the Missoula Retardant Base,

The Poly-N used was from a test sample of 10-34-0 concenirate supplied
by the manufacturer. The Phos-Chek samples also were supplied directly
by the manufacturer, the CMC type bsing & standard product, and the
Colleoid 26 type being a group of three samples coniaining amounts of
the thickener said to be sufficient te produce Brookfisld viscosities
of about 800, 1BCO, and 2200 centipoises. In sach case, the formulation
was accomplished by placing the indicated amount {table 1) a little

at a time over about 1/2 minute of time, into 500 ml, of distilled
water contained in & Waring Blender running at its "slow" setting.

The blendsr was left on for a total of exactly 2 minutes., The mixture
was transferred to a clesed jar and stored overnight befores use for
wind tunnel tests or for physicel propsriy mesasurements,
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Table 1

Sample No. Material Amount/500 wl. water
Att 1 Attapulgite clay 80.0 g.
Att 2 Attapulgite clay 40.0 g.
Att 3 Attapulgite clay 25.0 g.
Att 4 Attapulgite clay 80.0 g.
¥Fp 1, FT 2 Fire-Trol 100 166.C g.
CMC 1 CMC 7.0 g.
OMC 2 CMC 3.8 g.
CMC 3 CMC 5.0 g.
CMC 4 CMC 2.0 g.
PG 7 Phos-Chek 202 58.3 g.
PC & Phos-Chek 202 68.3% g.
XA 7 Colloid 26 8.0 g.
XA 3 Colloid 28 2.0 gz.
PC 3 Phos-Chek 202XA 68.3 g.
PC 4 Phos-Chel 202XA 68.5 g.
PC 5 Phos-Chek 202XA 68.3 g.
PN 1 10-34-0 concentrate (Poly-N) 167 wl.
PN 2 10-34-0 concentrate (Poly-N) 84 ml,
PN 3 10-34-0 concsnirate {Poly-N) 125 ml.




Densities were measursed with Pyrex pyonomeisrs containing about
25 ml, each,

Viscoslty valuss were obtained from a portable Brookfield Viscomsier,
using spindle No. 4, and allewing 1 minute of rotation at 60 r.p.m.
before making the measursment.

The Haske Rotovisco yislds data from which the yield strsngth can
be derived. By varying the speed of rotation of ths bob, valuss of
shear sitress were observed for a seriss of values of the rate of shear.
When these values ars plotted and the curve extended to zero rates of
shear, the shear stress axis intercept is defined as the yisld sirength.
A medium viscosity msasuring beaker and a MV-1 rotor wers used,

In order 4o measure the surface tension of +the liguids, a tensio-
meter of the "Jolly Balance® type was devised. The sample vessel,
a 4-inch Petri dish, rests on a platform about 8 inches long, hinged
+o a solid support on one end and suspended by & waxed linen cord at
the other end. The cord is fastened to the shaft of & synchronous
motor, The motor spesd and shaft diameter are chossn so that the
vertical (downward) rate of motion of +he center of the sample is about
12 mm. per minute. A wire ring is suspended in such a way thet the
plans of the ring is parallel o the surface of the sample, and its
welght is borne by a microbalancs-arm attachment on a Statham strain
gaca, Thoe gage has a 60-gram capacity, while ths 8—3/4—inch bezm arm
has a machanlcal advantage of 10,

szxdiameter G.0198 inch,
Nichroms

2~ 50 to 70 mm

-

]
£48,9 nm.%
Figure 3.--Tensiometer ring.

The sitrein gage signal is amplifisd by a Statham Universal Head-
out (Model URS) and recorded by a Bausch and Lomb VOM5 recorder.
Calibration is affected by adjusting sensiitivity and balancs controls
until hanging a 3,00-gram weight on the balance hock (ths ring alrsady
being in placs) causes the recorder pen to move from exactly zero to
exactly full scale.



Air veleocity in the wind tunnel was controlled at 40 m.p.h.
(£0.5 m.p.h. estimated fluctuation limit). The conditions of tempsraturs,
pressure, and humidity which were not conirolled, were in the ranges
of 828 +to 85° ¥., 680 to 685 mm., Hg., (total), and 20 to 22 percent
relative humidity. The wind tunnel is of squars cross section, 36
inches by 36 inches.

The sample release mechanism holds 98.8 ml. (fig, 4). It consists
of a spring-actuated cylindrical container which, on releass, moves
away Trom a flat, gasketed end plats, sliding over a fixed piston.
The licuid contained in the horizontal cylinder and beiween the end
rlate and the piston is thus left free to fall with zero initial
momentum, Liquid-tight closure is provided by a 1/16-inch by 1-3/8-inch
rubber O-ring recessed into the edge of the piston and by & silicons
rubber facing (G.EB. "RTV") on the end plate. Filling is accomplished
through & 1/2-inch hole in the end plate.

The pattern measurement sysism is an array of 480 poly-lined
paper cups (average 1lip diameter 4.59 com.) positioned in 1w3/4—inoh
holes spaced 3 inches center-to-center in 1/4—inch plywood shesis
(fig. 5). The array is 10 cups wide end 48 leong (perallel 1o wind
direction}., The plywood is mounted up on l-inch blocks to allow the
cup rimg to be flush with the uppsr surface of the tray. Masking tape
strips are effective in preventing dislodging of cups by holding the
upwind edge of the lip against the tray. The verticel distance betwssn
the cenier line of ths releass msechanism cylinder and the tray
surface is 80~1/2 inches.

Photographic observation of the rsleass of liguld in the wind
tunnel was cenducted using two different camera and light combinaticens.
In order to determine whether the releases mechanism functioned rapidly
enough, and to observe dirsctly the sequencs of motions and shapes during
dispersal, & high speed motion picture camera was used (Traid 200).

A battery of Ffour floodlights (320 watts sach) was located inside the
tunnsl, downwind, about & feet from the release peint. Anothsr light
(500 watts) was located ocutside the tunnel, facing inwvard at the lower
1sft cornsr of the tunnel window, making an angls of about 60° with
the camers's lins-of-sight. Camera-to-subject distance was about

10 feet. The film was Kedak High Speed Ektachrome Type B. TFour
different materials were sach dropped twice, once using a 25 mm. lense,
and once using a 75 mm. lens: COMC 2, CMC 4, PC 1, and water (ses
compositions and properties in table 1 and table 2).
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Leveling factor

v 3 percent area divided by Averags
" Y s i . :
a Brookfield Yisld Surface Dispersal pattern areas 5 gvgrgge max1ggﬁaien313yT maxLmim
Sample Data Composition Density viscosity strength tension D> 10 D> 1.8 Total, D> T . = den51tyd
G, /ml, Centipoise Dynefem. - - - - - - Percenteges- - - - - - - : Mg.fom.”
%%
Att 14 7/16 13.8 percent clay 1.071 4240 450 73.0 2.5 9.4 37.7 0.2207 0.937 41.4
. Att 1B 7/29 13.8 percent clay 1.075 # 480 77.2 2.5 9.4 38.8 ’ ’ o
Attepulgite ) at 24 7/15 7.41 percent clay 1.041 490 37 71.6 2.9 1L.7 58.8 1.85 4.50 153
+ weter Att 2B 7/29 7.41 percent clay 1.039 870 72 75.4 4.6 22,7 95.4 1.37 4.95 17 9
Att 34 8/1 4,76 percent clay 1.025 190 5 71.9 3.5 18.1 65.4 - S o
Att 44 8/z22 10.7 percent clay 1.046 2888 520 75.1 - - - ;
, -3 4,
Fire-Trol  [FT 1A 7/29 9.0 percent clay 1.144 2240 170 78.5 5.6 56.5 76.3 % f 23 4 iz if'g
100 FT 1B 8/1 9.0 percent clay 1,140 2415 200 76.7 4.6 R9.2 80.4 = 7T s -
TT 24 8f22 9.0 percent clay 1.147 2850 250 7.8 - - - :
- e
(CMC 1A 7/16 1.38 percent CMC 1,002 780 20 70.5 4.4 L.l 56.5 113 2.13 le.7
CMC 1B 7/29 1.38 percent CMC 1.004 1005 RO 72.7 4.6 18.8 20.6 e
Cue Joc 24 7/15 0.70 percent CHC 0.999 150 20 72,4 4.2 15.8 ST.9 1 4 5 94 10.0
+ water CMC 2B 7/24 0.70 percent CMC 0.999 155 fg ;g-i 1.9 22.1 69.4 . %7 - o
OMC 3A 8/22 0.99 percent OMC 1.003 260 . - - - ' 0.85 5 a5
. : . LT 17.0
L OMC 44 7/24 0.40 percent CMC 0.999 55 30 78.9 4.0 14.6 5.6
Phos-Chek PC 14 7/24 1.02 percent CMC 1.070 410 5 64.6 5.8 10,2 76.5 Sjii i;ii 38'2
202 (CMC) °C 1B 7/30 1.02 percent CMC 1.070 650 20 65.2 4.6 1.7 69.2 . 77 t e
PC 64 a8/22 1,02 percent CMC 1.075 1125 60 70.9 - - " _
. 0.05 0.086 115,8
Golloid 26 |EA 14 7/30  1.57 percent XA 0.987 2050 800 i 4.0 0.8 10.00 oty 6.17 10.0
XA 34 8/1 0.40 percent XA 0.999 200 15 71.1 5.0 27.7 6L.7 . '
PC 34 7/30 ~800 cp 1.059 2 .50 70.1 4.8 20.6 63,1 S:ig §'$§ f?'é
Phos-Chek PC 3B 7/31 1.070 1040 70 71.4 5.4 £6.1 66.1 0. 44 1.78 53z
2021A PC 44 7/31 1.070 1680 120 69.9 5.6 1e.6 o9 0.78 2.92 22.7
(Colloid) PC 4B 7/31 ~1500 cp 1.071 845 100 70.3 4.2 17.7 66.9 S T -
PC 4C sf22 1.068 1555 75 67.4 - - - 1.07 4
PC 54 7/31 ~2200 cp ‘ 1.070 2010 180 71.6 6.7 26.5 60. 4 ] 2.4 e
.98
PN 1A 7/25 1:3 1.119 25 8 76.6 6.3 56.7 74.0 2. 40 S'Sé lg'f
Poly-N PN 1B 7/25 1.118 -- -(8) 7.3 6.3 9.0 66.7 0.72 4. o3 162
10-34-0 PN 24 7/23 1:6 1.069 .- 0(4) 74,9 3.5 11.7 68.5 2. 45 8. 00 81
PN 2B 7/25 1.081 -- -(4) 79.0 1.9 19.8 64.8 ' ' .
| PN 34 8/22 1:4 1.103 -- -(8) 77.6 -- o --
*
(W 14 7/22 0.999 0 0 75.2 1.5 8.8 09.2 .40 7.48 9.0
W 1B 8/1 0,999 0 0 =" 8.0 ©0.6 o7 1.76 5.95 10.7
W 24 7/22 0.999 0 0 - 2.9 18.8 6.8 1.97 5 90 .
W 2B 7/30 0.999 0 0 -- 8.3 18.1 6.6 | . 7.2

¥  Value not measursd.
** Release mechanism maladjusiment.




With the objsctive of meking measursments of the relative distributions
of dropiet sizes in midair after breakup of the main liquld mass, a
Graflex Crovn Graphic camere with a Kodak Bkiar f4.5 lens was employed at
fE82., Bubject distance was about 3—1/2 feet. OSiroboscopic light sources
were used, one to the lseft at about 45° to the camere dirsction, the
other beslow and slightly %o the right (Synciron 2008, Dormitizer Co. ).
To avoid & highlight reflecting from the back wall of the tunnsi, tihe
camera was aimed upward at & slight angle (15 or 20 degress from
horizontal)., Film was Polaroid Land Packets Type 55 P/N.

The apparent sizes of droplets, as viewed through the sysplecs
reticle of a 12.5x binoculer microscope, were compared to that of a
12-inch ruler, photographed suspendsd under the relsass mechanism,

EQUIPMENT PERFORMANCE

The measursement of viscositiy with the Brookfield instrument has
bsen, and should remain, very populer because it is quite rapid, simple,
snd reproducible. Bince the retardant materials are non-Newtlonian in
behavior, the viscoslty as measursd with the Reotovisco can agrse with
that of the Brookfield at only one rate of shear (for the one chosen
Brookfield shear rate).

The use of the Rotovisco to measure yield strength is briefly
mentioned by Van Wazer et al. (1963), As described in direci conver-
sation by W, W, Morgenthaler, this method involves rapid engeging and
disengaging of the rotor drive gears, producing enough rotaticon of the
drive sahft to give a dynemometer signal (measurement of torque) but not
grniough 10 move the rotor vsery much at all, The yield strength, ihen,
15 the maximum force that can be applied to the rotor without causing
rotation., In the work being reported hsre, attempts also were made to
measure yiseld strength by slowly turning the bsaker, by hand, and
observing the stress produced bsfore any shearing occurrsd. Neither
of these techniques seemed tec work well. Ii is not sasy 1o cause &
desired amount of shafi rotation using the gear lever, and duplicate
run data did not agree well. The graphs of shear siress against shear
rats are smooth snough to be belisvable, in most cases an extrapolation
to zero shear rate does give an intercept on the shear siress axis,
and duplicates usually give similar values. Samples having ettapulgits
clay present in rather large amoun®t yield more uncertain results becauss
the shearing occasioned by the measuring instrument changes the sample
meterial (increases viscosity and yield strsngth).



The measurement of surface tension was verified by comparing

gxperimental results on certein purse liguids with values found in
— standard reference books., For example, the accepted value for water
i st 25° is 72.3% dynesfcm. The observed valus was 73.2 dynes/om.
Simiiar compariscns were seen for sthanol, chloroform, and aceione,
The apparent value was independent of the rate of motion of the
sample platform, both for rates somewhat slower and considerably
(two or three times) faster then the one used here, The effect of
temperature on the surface tension 1s only a few hundredths of a dyne/cm.
over & range of several degrees. This is at least 10x smaller than
usual differences between replicate sampless, It is quite important,
howsver, to be sure that the sample vessel and the ring are carsfuily
washed and thoroughly rinsed (and then not fouched with anything)
for each run, It is alsc trus that careful attention must be paid to
preserving the shape of the wire ring and its horizontal attituds when
suzpsnded from the balance hook, This adjusiment a2lso includes achieving,
ags nsarly as possible, simultansous release from the liquid surface of
all parts of the ring at the same tims. Accuracy is lost if the ring
breaks loose from one side first and swings violentily.

To secure depsndaeble operaiion of the release mechanism, it was
necessary to lubricate the O-ring with a few drops of light mineral
0il, This was applied to the inside of the cylinder bshind the piston.
It is likely that the nsed for lubricant could be sliminated by using
an O-ring with slightly larger diameter (3/32 inch or 1/8 inch) and by
adjusting the groove depth to cause slightly less pressure against the
inner wall of the cylinder.

Because of the adhserence of soms of the sampls material to the end
plate and piston of the release mechanism and the spreading of some
along the outside of the cylindsr by the alrstream, the vclumn aciually
released into the air is about 90 percent of the volumn containsd.

This applies to Phos-Chek and Fire-Trol of nominal viscogities.

The everage length of time for complete opsning of the sample
release mechanism was 0,082 second, as measursed from ruas 5, 7, and
8 of the moilon picture film. This was adequaisly reapid; motion of the
myin portion of the sample was negligible during that time. The front
pertion of the sample, within & centimeter or so of the end plate, had
begun to fall and enter the airstream by the time the cylinder rsachsad
the end of its travel.

-10-




The impact of the cylinder on the recoil pads causes vibration
of the whole mechanism. No disturbance cccurs at the fronit, becauss
+the sampls has moved out of conftact with the end plats. At the rear,
a small wave or ridgs of liquid is somstimes prepelled downward by the
motion of the piston against the portion of the sample edjacent to it.
(See frames 15 to 17 in run 5, and frames 19 and 20 in run 8 of the
motion picturs film.) This is a fairly small effect, and a firmer
mounting of the mechanism to the wind tunnel ceiling should viritually
gliminate it.

The handling end weighing of the sample cups was performed as
quickly as pessible, to minimize error due 1o evaporation of water.
From e few double weighings of cups containing smell but measurabls
amounts of meterial (greater than "trace"), losses ars estimated at 10
to 20 percent (maximum). Loss from largsr samples would be a much
smallsr percentage., The average iare weight was 1.01 % 0,02 grams
per cup. The likely weighing error was +0,01 grams. Weights less
thar 0,03 grams wers recorded as "trace.”" OQOverlays of "Saran Wrap"
were used to cover the samples as soon as the cups were removed from
the wind tunnel trays.

The cup contents data were reduced to mg. retardant per squars
centimeter of horizontel surface area and entered on scale drawing
plots of the cup array. Contours of equal density ware drawn by
gnclosing all points whose density values fell at or above cerigiln
arbitrary values, namely: 1.8, 3, 10, 50, and 200 mg./om.z. The areas
represented within thess contours were computed by couniing the number
of cups inveolved and dividing by 480, the total number of cups in the
trays. The data from one run, FT 1B, were handled in & way that was mors
time consuming, bui conceivabiy might have been more correct (or at least
meaningful}., Iso-density contours were loceted for 1.0, 3.0, 5,0,
10.0, 20, 50, and 100, by interpolating betwesen neighboring cup
positions to find discrete points of integral densiiy value. The areas
gnclosed in these contours were measursd with & planimeter. Neithsr
the gross appearance of the dispersdl pattern nor the numerical arsa
values were differsnt enough from the more simple method to indicate
significant srror. The arsas were the same within a few percent of their
own sizes.

The Traid 200 camera probably yieldsd photographs as good as it
i=s capable of making. The color film used made the visual presentation
of the Phos~Chek release to be quite impressive. The single-frems
enlargements suffered some from being made on black-and-whits pepsr.

-11-



It is clear that the single exposure photos made with the Graflex
cameré and stroboscopic light socurce do reveal much more detail about
the configuration of the liguid and the sizes of the drops than any
one of the single-frame prints from the Trald 200 film. However,
successive events in the dispersal of any ons sample are not revealsd.
Also, only about one-half of 1 percent of a given 100 ml., charge sesms
to appear, in any one ‘Graflex photo, in the form of droplets that are
small enough not to be subject to further breakup before impact, This
places drop-size distribution studiss on a rather insecurs basils.

Synchronization of the Graflex shutter action with the position
of the falling liquid must be made independent of the human eye-hand
reflex if this technique is ussed agein. None of the photos obtained
was really well-centered in the field of view. Correspondence With
the Graflex factory might reveal that eutomatic shutter actuators, and
perhaps even photoselsciric sensors, are standard itsms.

The Polaroid Land film was useful in this work because of the time

saved in evaluating the photographic setup and determining whether enough
of & given sample was in the fisld to make some drop-size measuremsnts
possibls, Better control of exposurss would make it possible to use
ordinary film, chosen for optimum spesd and grain size. With ths
Polaroid film, much of the size sstimation data carries an estimated
uncertainty of £10 to x50 percent of the indicated diamsters,

TABULATION

In table 2 are given the msasured and calculated valuss pertaining
to the material tested, All quantities are seli-evident except pesrheps
the one termed "Leveling Factor." This queniity may not be betiter than
simple are& &5 & measure of the quality of performance of & rstardant
mixture but it is intended 4o be a numerical evaluation that is
proportional to the arsa coversd (to any given density) and inversely
proportional to the megnitude of the density near the centerline of
the pattern., Thus, if a given quantity of retardant spreads out to the
maximum ares consigstent with maintaining some minimum overall density,
it will score highest on the leveling factor scale. The opposite is
true of a retardant that fails to spread out. The "magnituds of ths
density" mentioned is evaluated by examining sach row of cups
perpsndicular to the wind dirsction, noting the size of the largest
value of density in that row, and calculating the arithmeilc mean of
4ll such largest values for &ll the rows in the dispersel pattern.

. Area
Leveling effect = Tiorace maximum density

“12-



CORRELATIONS

The diagram below indicates some gsneral relationships that are
worth noting:

Agént Paramster influsnced
Thickeners » Viscosity, yisld strength
Salts > Density
Surfactants = Surface tension

Thers are threse major types of ingredients in one column and thres
measurable physical properiies in ths other. Viswmsiiy and yisld
strongth seem always to be related, although not alweys directly
proporilonal to sach other. All of the thickensrs have an effect on
viscosity (and yield strength). This is hardly 2 profound observation
since that is the purpose of thelr presence. However, it is not so
obvious, but true, that none of them have any effect on the surface
tension of the mixture. The polymers and gums have essentially zero
sffect on density, while the clays heve & considerable sffect., The
concentration of salts (DAP, etc.) effects density and surface tension,
but has virtually no influence on viscoeosity. The presence of any
surfeace actives agent has a much more pronounced sffect on surface

measurable properties.

be due to mechanical effects (forces) acting betwesen the twe fluids
as the retardant penetratses the airstream. Thus, it is resasonable

to expsct variations in physical properties (viscosity, density, etc.)
to bs associatsd with changes in dispersal behavior. The simplest of
suchk relationships would be a linear or regular curvilinear trace when
numerical values of two such quantities are graphically comparsd. .
consideratle number of such relationships have besn tried, using
daete from table 2.

-13-~

tonsion than either of the other two ingredient types has on any of the

Distinct differences are indesd obssrved among the several materials
tested, both in ths sequence of events in mideair during breskup, =nd in
the dispersal patiern on the impact surface., These differsences can only



Yield Strength, Viscosity, Surface Tension Versus Area

In figures 6, 7, and 8, the varietions of the total area covered
with yield strength, viscosity, end surface tension are shown. The
data for Colleid 26 are meager, to say the least, end +ths general shaps
of the curve is inferred by those of the other materiels. The areas
plotted in figure 1, those of contour lines for density > 10 mg./cm.z,
show that up to & certein point, the arsa increases with yield stresngth.
The opposite slopes of the Phos-Chek XA lines in figures 1 and & are
consistent and complementary, not contradictory.

Yield Strengih Versus Leveling Facior

Figure 2 indicates the verietion of the leveling factor {based on
areas where density 3 1.8 mg./cm.z) with yield sirength, The rangss
shown reflsect the uncertainty in the leveling factor value caussd by the
fact that the average deviations, for replicate groups of runs, were
*14 percent of the measured value for both the areas (3 1.8 mg./om.2)
and for the average maximum density. With the limited amount of datsa
available, it is not possible to decilde which of the two curves is mors
reasonable. The peaked shape could be caused by a maximum in the area
or & minimum in the average density, as yield strength increases,

Yield Strength Versus Viscosity

Figure 9 reveals that the yield strength is from 6 to 10 percent
of the viscosity for water-attapulgite and water-Colloid 26 mixtures,
and for Fire-Trol and Phos-Chek (containing Colloid 26). Water-CMC
mixtures and Phos-Chek (containing CMC) had uniformiy low and
agsentially constant yield strengths, although the viscositises also
wers low {1100 cps. or less),

~14-
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Surface Tension

When all the samples run were considered in the order of their
surface tensions, a significant grouping appesars (fig., 10). The precision
of the measurement is felt tc be in the order of +2 dyne/cm., Nearly all
of the valuss for the %wo component mixiures (weter and one of the
three: GMC, attepulgite clay, or Colleid 26) lie within £2 dynes/om.
of the value Tor water alone, 73.2 dynes/cm. When ammonium phosphate
alone is present (as in 10-34-0) thes surface tension is high. VWhen
clay is present with the salt (Fire-Trol), it does not prevent the salt
from having the sams effect that it has when alone. The mearked
depression of the surface tension in Phes-Chek mixtures cennot be logicelly
ascribed to the CMC end Colleid 286; they have no effect alone. Ths
corrosion inhibltor in all Phes-Chek formulations has & chemical
identity that should cause it to have considsrabls potency as a surfacs
active agent, None of that particular substance was available for test,
but the addition of C.5 volume percent as a liquid detergent {a "Bestline"
cleansing agent) caused the observed surface tension of distilled water
to fall to 32 dynes/om.

Droplet Sizse Distribution

The measurement of the size distribution of droplets during the
breakup process produced the graphs shown in figure 11. A high, narrow
peak would indicate that the metsrial tended to produce & uniform spray,
with many of ithe drops being of about the seame size. The highest
frequency obssrved was for 1.4 mm, drops of pure water. However, ivo
other materials showed valuses nearly as high, and the differsncs may
not he significant. It is clear that a trend existis, with high
viscosity in the absence of salt (Att) producing the widest range of
sizable frequencies. As salt content is increased, or as viscosity
is decrsased, the shape and positicn of the drop size distribution curve
approaches that of water.

There is an apparent relationship between the leveling fector and
the most probable drop diameter. The samples actually used for the
drop diameter measurements were not also subjected to dispersal pattern
determinations, The leveling factors used in figure 12 wsre observed
for samples nominally identical to the droplet size samples, or wers
obteined by interpolation from the trend of leveling factors with
percentage composition. This correlation should be regarded as quits
tentative; there are only a few data points, and both it and ths
droplet size distribution curves themselves are derived from measuremenis
made on iess then 1 percent of the sample in sach case. The generel
shaps of the distribution may reflect only the fact that the Phos-Chek

[y e
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materials ars "stringy," tending to form long tendrils of liquid betwsen
drops, and the attapulgite seems {to break up mere guickly and completsely
- than other mixtures of the same viscosity. The Phos-Chek probably

B genarates relatively mors smallsr droplets, while attapulgite thickensr
would favor a higher population of largser drops,

Pattern Arsa Prediction

In order %o compare the performance of one type of mixture with
that of ancther type, & single mathematical expression will nead to
be found that will adequately relate the performance (area or leveling
factor) to the easily measurable physical properties. A first attempt
by maZnual, intuitive means, has had an sncouraging result,

It has been noted that attapulgite clay mixed with watsr can bs
made to have a wide range of yield strength while surface tension is
practically the same as that of purs water, The twe variables considersad
are density and yield sitrength. OCn the other hand, Phos-Chek mixtures
show yield strength and surface tension values different from water, butl
heve constant density valuss. Four squations were set up using data
values from runs A%t 1A, Att 2B, PC 3 (average of two replicates), and
PC BA.

Area (density > tracs) = x (density) + y(vyield

strength) +
z (surface tension) + &

37.7 = 1.071x + 450y + 73.0z + &
55.4 = 1.039x + 787y + 73.4z + &
64.6 = 1,065x + 60y + 70.8z + a

60.4 = 1,070x + 180y + 71.6z + &

Simultaneous soluticn yields x = +5lLl, y = -0.0706, 2z = +1,93 and

a = -6l2, The equation producing figure 11 is:
A = 511d - 0.0706Y + 1,938 - 612
wheret
A = area of dispersel pattern, density > trace
d = density of sampls, g./ml.
Y = yield strength, dynes/cm.z
8 = surfece tension, dynes/cm,

-23 .




This represents an empirically derived relationship that will allow
the predictlon of the dispersal pattern arsa from measuremsnt of the
three physical properties. Fuiure work will incorporate two factors which
should meke for an improvement in figurs 13, i.,e., & belisr fit of
sxperimenital data points to & common line drawn through them. First,
more careful atiention will be given to providing adequate numbers of
replication runs. Second, the cosfficients in the equation will bs
evaluated by computer processing of many data, rathsr than by manuzl
calculation from a few values,

CONCLUSIONS

The question must be considered as to whether it is reasocnable to
gxpsct Lests carried out in a wind tunnel te be useful 1n prediciing
and understanding full-scale field operations., The vertical distancs
of fall is but 30 inches, and the eir velocity eonly 40, perhaps 50
miles per hour. However, the fundamental processes occurring ere ths
same, as the sirstream ebrades the liguld surface and subdivides ths
origingl single volume into smaller portions. Whenever one effect is
linked to & cause in laboratory tests, the nature and direction of that
gffect will surely be the same on & large scals.

It is apparent that there is no single "good" or "best" dispersal
pattern. Maximum coverage at a useful density is obviously desirable,
but a higher priority is exercised by the nesds of the field situation.
Enough knowledge of the airstream-retardant system must be provided
to allow the choice of the propsr material. It will then give the
desired amount of coverage under the iimiis imposed by the size of the
fire target, the amount of upper story vegetation cover, and the alititude
and airspeed of the aircraft.

As a msasure of how well a retardant performs we have used the sizs
of the area covered by at least & winimum loading of 1.8 mg./cm.e.
The actual sige of this lcading, in gal./lOO £1.? is not, and need not
be, the same as values used to achieve useful sffecis in firefighting.
It has been chosen for comperison of wind tunnel tests with each other,
It seems, from figures 1, 2, 6, and 7, that the area covered decreases
as viscoslity and yield sirengih becoms very large. But thsere is an
apparent optimum yield strength velue in the region of 200 dynes/cm.z.
This letter value is usually eassocietsd with a viscosity in the region
of 2,000 centipoise {(fig. 9).

surface tension alons doss not seem to affect strongly the arsa
covered. The empirical squation seems to indicete that density is by
far the most lmportant factor, with surface iension and yield strength
sach having roughly one-tenth as much an effect.
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RECOMMENDATIONS

Additional study should be directed along two general Llines.
¥irst, determine the exact sffects of known causes in a single
type of mixiture, For example, it would be possible to cause a controllsd
range of surface tension values in a series of samples containing only
water, Colloid 26, and fraces of a surfactant, while maintaining
constant values of density, viscosity, and yield sitrength. A numbser
of other such studies are possible. Second, as a matter of practical
importance, mors data should be collsected on the behavieor of the brand
name products now in usse. A reliable performance graph, similar to
figure 13 should be developed for sach of them, They might all be
expected to obsy the same correlation, but higher accuracy might be
achisved separately.

Az this study develops, it would be highly significant to have
data on full-scale field tests where the rheolegical properties of the
actual materials dropped are measursd, at the same time, in ihe
laboratory. Field tests should be made on several materiels that would,
based on the work described in this report, preoduce clear variations in
dispersal patterns. These drops should be instrumenied well enough to
provide accurats knowledge of the windspeed and direction and the
altitude, velocity, and track of the aircraft relative to the sampling
grid. This will jinsure that the model {or models) produced by wind tunnel
tests will be based on factors that ere the important ones in full-scale
operations.
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