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PREFACE

This study han been undertaken by Ethyl Corporation's Research Labora-
tories in Ferndale, Michigan, on behalf of the U.S. Army Mobility Eguipment
Research and Development Center, Fort Belvoir, Virginia 22060, under Contract
No. DA-LLY-009-AMC-1165(T).

The contract became effective 10 June 1965 and the termination date is
9 September 1969. The present Final Report summarizes the experimcatal work
carried out during this period.

The Contracting Officer's Representatives have in turn been Messrs.

John C. Estabrooke, Robert N. Brown, Edward Russell, and William R. Williams.

E. B. Rifkin, Associate Ditector, Petroleum Chem?cals Research, and Dr. M. E.
Glackstein or Mr. U. A. Lehikoinen, Research Supervisors. The work was plan-
ned and supervised by Dr. H. A. Beatty, Research Advisor, and has been carried
out principally by Mr. E. P. Balda and in part by Mr. R. ¢. Lyben and Mr. D. C.
Hargis. ' ‘
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SUMMARY

This repert cover  four years of laboratory bench rescarch on coalescer
nmedia for removal of free water from JP-5 and diesel fuels. The objective
was to dnvestigate the basic physico-chemical factors and hydraulic mechanism
involved in the couluscence process, and td desipgn coalescer mats of greater
effectiveness for fuel containing corrosion inhibitors or other surfactants.

Measurcments were made of contact angles of water on surfaces submerged
in fuels, and of water-fuel interfacial tensions. Capillarity and flow resist-
snce of coalescer media and electrokinetic behavior of water suspensions were
examined. A care/ul study was made of the attachment, growth, and detachment
of water droplets on single fibers in a flowirg suspensior. Most of this work
was done with JP-5 containing a variety of surfactants; Jet A, CITE, and diesel
fuels were also used. The WSIM of all fuels was determined.

Based on these data and the literature, calculations were made and correla-
tions were establiched. Unfortunately; the results of this basic work proved
to be of 1littls value as a2 guide to the selection uf effective coalescer medie,.

All coalescence was done using a water separometer to prepers énd punp
the suspensions of 0.1 to 1% water and to monitor the effluent fuel. Tests
of experimental mats in the separometer cell were useful fur screening materials
and indicating important process variables. However, it became evident that
these tests were not adequate to predict the performance of coalescer media
unﬂef realistic conditions of greater mat depth and lower fuel flow rate.

_Accordingly, cells were made'having 0.5 inch or greafer diameter, with
provisiohlfor variatior in depth and packing density of the mat layers and
for visual observation of the downstream mat surface. These cells reached
equilibrium Qerformance in 20 to 40 minutes at a flow velocity of 1 cm/sec,
and gave significant resalis fhat could be expected to anticipate the behavior
in full scale filter/coalescer elements. To obtain discrimination between
different mats, it was generally necessary to add s strohg surfactant to the
fuel. ‘ _ o

The principsl observations and conclusions from this study were:

‘1. Tests of an individual raterial were of.no value whatever in defin-
ing its usefulness in a combination coalescer mat. Effective coalescence was
obtained only in combination mats in which the fiber diameter and perosity in-
creased pfogressively from the upstream to the downstream side.

2. The overall process‘evidently required: (a) complete attachment of

inflowing droplets onto fiber surfaces, (b) collection of the attached water
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into rivulets that joined together into streams during flow through the uut,
and (c¢) uphampered discharge in drop form at the downstream surfacc. Viguel
observations of the first two stages were difficult to make, bLut gave support
to this mechanism. ;

%, Surfactarts may impede cone or all of these processes, by modifyingi
both the water-solid and water-fuel interfacial tensions. ’Sulfonate; such as
pPetronate I were far worse than corrosion inhibitors such as Sarntolenc C.
Antiicer greatly recduced the effect of both kinds of sprfactants.

L. Preferred materiels were: for the upstream leyer, resin-coated 1 £0
5 @ glass wool. Ter the intermcdiate layers, the best materials were natural
sponge, a sintered plate of steel shavings, 8 to 12 p stecl wool, 16~y carbon

ol

felt, 40 to 50 p nylon or dacron felts, a porous carbon plate, and 6 to 24 pf

coated glass wool. At the outer surface, a layer of uncoated glass or quartiz

wool promoted formation of large drops, but tended to cauce "grapeing"; this;

i
was prevented by aa cuter sgkin of 100-pore polyurethane foam. Steel wool ang
nylon felt also gave good results with only a 165-mesh glass or PVC screen as;

!

the outer skin. In surfactant fuel, a good experimental mat was far superio:
. !
to plugs cut out of commercial elements. Altogether, it was clear ithat the

}
nature and even the surface texture of the materials was not nearly as import

i
ant as the dimensions, structure, and packing density. i

;
5. No electrokinetic effects could be detected in the coalescer cells%
However, the presence of methacrylate (Plexiglas) surface on the cell wall 05
upstream sometimes gave a greatly improved performance. This was not repro-;
queible. | f :
6.:;Addition of two types of organic dye to the water gavé a2 market hﬁ
provement in coalescence. Addition of acidic ferroué chloride was harmiul.
T. Diesel No. 2 eils, even when additive-free, gave poor CO&lQSCEDCe£
additives made them worse. Purification with silice or charcoal gave an oiﬁ
of WSIM = §3 although the fuel-water IFT was raised only slightly to 17 Gyné
Using this o0il, a good mat gave perfect coalescence for 8 minutes but then ﬁ
performance became very poor.

8. Two cells in tandem gave wellnigh complete coalescence, where one

cell alone was_quito inadequate.
9. It may be possible to design a superior envelope to replace the !
present-day high-cost outer canister screens. f
Finally, after a number of structural failures, a satisfactory group
of full scalc experimental Tilter/coalescer clements was delivered to Fort
Belvoir for testing. v é
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INTRODUCTION

It hay long been rccognized (refs. h, T, 11) that faulty performance
of filterfcbélescer eiements is likely to occur with fuels containing sur-
factants. Diesel fuels, many JP-b's, and some JP-5's contain natural sur-
factant components. Clean fuels may become contaminated with sulfoﬁates at
the refinery or in pipeline transit. Finally, the desired addition of cor-
rosion irhibitors increases the sucface activity to some degree.

Much effort has been made to determine how aﬁd why these sufactants
interfere with the coalescenée of water (for examplé, see refs., 3, 13, 19,
28). waevef, the knowledge gained to date has provided nqkqpecific solution
to the problem. The devclopment of filber/sepdrator unitS‘(recently.review-
ed by'Redmon and by Stark, refs. 22, 23, 30) has largely been directed toward
mechanical improvements designed to reduéeAsize and weight and increase
throughput. » |

Various empiricel modifications of the filter/coalescer elements have
been made by their manufacturers. However there has been but little basic
research aimed at improved coalescer media and design. Farly work of Langdon
(ref. 17) sponsored by the Army showed some promiée of accomplishing this.
Jefferson (ref. 12) has recently indicated 'the Army's current efforts in this
direction, including work by Ethyl -Corporation. '

The‘preéent final report gives the salient results of Ethyl's four years
of laboratory study of the coalescence of free water in JP-5 fuel. Previously,

the following seven semiannual interim reports were issued:

Ethyl No. - . Date __AD No. .

. OR €6-1 January 1966 476 384k 1,

GR 66-3%0 July 1966 815 527 1,

GR 67-2  Januvary 1967 815 528 L

. GR 67-28 July 1967 818 061 L
k GR 68-3 January 1968 = 826 Lsh 1,
GR £5-33 July 1968 835 2L9g 7,

GR 69-1 January 1969 846 399 L

- Also reference will be made to Ethyl Report No. GR 65-1, March 1965 (AD No.

465 647 L) covering a preliminary short term contract, No. DA-44-009-AMC-5T76 (T).
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The objective of the project, in essencé, was to gain‘a better under-~
standing of the dynamics of the water éoalescence and detachment process,
and thereby to develop new coalescer mats that would?givé better perforhance’
on surface active fuels of low VWSIM. Wé did not study the filtration of
solid particles--a different problem, outside the scopé of the contract.

Thus, in the final assembly of a few fuli’size experimental filﬁer/coalescer
elements, we used a commercial element with its inner filtering section intact
and modified only the outer layer to a depth of 7/16 ih.

All of our own laboratory observations of coalescence were made in small
size celis, the later ones having a realistic mat depth and fuel flow velo-
city. Experience elsewhere (ref. 5) has shown that such cells match full
size elements in performance, as would be expected. Thus weﬂavoided the
costly and time-consuming fabrication of many full éize eleﬂénts and opera-
tion of a single element test loop. Instead, the few elemi:nts we finally
made were sent to Fort Belvoir for testing.

The following record is di#ided according to subject matter, and so is
not entirely in chrconological order. The first two chapters briefly describe
the principal materials and equipment used. Following are sections giving
observations of physical and electrostatic properties of additive fuels and
coalescer media, and the preparation and analysis of water dfoplet suspensions.
Then come the actual experiments on coalescence, beginning with single fiber

studies and continuing with the major part of the project, the study of fibgr‘

mats. The latter includes visual observations, standard WSIM determinations,
exploratiqn of other mat media in the water separometer cell, tests in larger
cells at realistic low flow rates using contaminated fuel, and finally some
observations of the activa of detached outer screesns. A description of the
construction and performance of a few full size elements terminatesiigéﬁéx--:;'
perimental part. A final chapter gives general conclusions and recommenda-
tions.

All éignificant data not previously reported are given in detail in
Sections IV and V of the chapter on Coalescence in Fiber Mats. Previously

reported data and counclusions are either given in detail or summarized, as

seems fit.
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During the course of the vroject, a considerable mumber of'pertinent
reports, journal articles, and patents have been collectcd.and studied. No
attempt will be made here to list and.critically review all these publica—
tions. 'To do so would be a major task, not called for in the present contract.
However, reference will be made to a number of reports of particular interest

that are listed in the Bibliography.




MATERIALS

I. TFUELS

Most of the coalescence study used hlgh quallty JP-5 of WSIM 99~ IOO,A
first from Sun 0il and then from Ashland 0il. A few tests were made w1th
CITE, Jet A, and three diesel fuels. Bayol 35 reference fuel was used in:
the contact angle, single fiber, and porosity ﬁtudles, as well as in the
routine washing and occasional checking of the water separometer. | '

JP-5 and Jet A, unlike JP- b, are usually low in surfe~e ac *J&Ly
insofar as this is shown by the WSIM._ However, they may often become con-
taminated at the refinery or in transit. Much of the filter/separator dif-
ficulty at airports is ascribed to delivery from common carrier pipelines ;
that have been contaminated by products from low grade refineries. Degrada-
tion may also occur in storage. In our final drum of Sun 0il JP-5, the WSIM
. suddenly dropped. from 100 to 80 for no known reason. One drum from & dif-
ferent company had a WSIM of 45; it‘was‘discarded with no further ado.

At this time (1967) the source of supply was shifted to Ashland oil.
Two drums of their JP-5 had a distinct color and a WSIM of only 80. The
fuel was treated with silica gel which removed the color and raised the WSIM
to 99. After using this purified fuel for a time, we obtained a supply of
"Bronoco 140", a high quéliﬁy, narrow boiling kerbsenevrefined by Ashland
0il and used by them in their own company Jjet aircraft. It fully meets
MIL-7-5624G, grade JP—5, and ASTM Jet A specifications, although the vis-
cosity is;a little lower than normal. This fuel wes used from December_1967

[N,

to date. oo
; Diesel fuels are netoriously variable in ease of removal of water.
L The WSIM is not a satisfactory measure of this, being usually low, and it

does not correlate witn cwulsification tendency (ref. 18). The three fuels
used in our study cover e wide range of quality. °
It can be concluded that all fuels used for experimental purposes,

particularly those from drums or smailer containers, should periodically

-

be checked in the water separometer to assure constant quallty Even the
Bayol 35 reference fuel is not above suspicion: the first two drums of this
that we received were contaminated, having a WSIM of about 55. Sﬁbsequent
drums gave values of 94 and 98, in agreement with the average of 96 found |
by the CRC (ref. 9). ‘ '

taenmny Fromomrny
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Table 1 lists the pertinent preoperties of the fuels used. ‘The wreat
Northern and Delta fucls were straightrun No. 2 diesel oils; the JP-5 fuels
were free from additives. Note that a WSIM of 100" means that the meter
continucd to read 100 even when the flow rate was raised to 180-190 ml/min.

TABLE 1

PROPERTIES OF FUELS USED

Densgity Viscosity
APT 4 TTF ¢s 100F cp T(r WSIM
Ashland Bronoco 140 L6.9 .786 -~ 1.4 99
Ashland JP-5 as recd. 4Y3.0 .805 -~ 1.53 80
same, purified -- - -- ~- 99
" Sun 0il JP-5 43.6 .801 . -- 1.35 99-100*
Gulf 0il Jet A Wil .799 -- 1.47 99
CITE (USAMERDC) h1.3 .810 1.73 1.8 ol
Humble Bayol 35 -- ST 2.h0 2.2 a6
Delta No. 2 diesel 35.0 .84k 3.04 3.06 81
Great Northern No. 2 29.7 .868 2.95 3.4 31
3.5 4,2 21

NATO F-75 marine diesel 33.5 .8h9

IT. ADDITIVES

Apart from surfactants, the only additive used in JP-5 was 0.15 vol.%
cf the standard methoxyethanol dntiicer of military specification grade
(Phillips 55MB or Union Carbide UCAR 500). Two diesel fuel additives used
were Delta's FOA 208 (a dispersant and metal deactivator) and Ethyl's MPA-D

(a multipurpose additive). Table 2 lists the surfactants used.

TABLE 2

STRUCTURE QOF SURFACTANTS

Santolene C & 50% hydrocarbon solution of a cross-linked dimer of
linoleic acid, Cy,Ha;COOH. Source: Monsanto.
\\
RP-2 A mixture containing 25% octyl phosphate esters and 55%
octyl amines and alcochols and.EO% hydrocarbon diluent
(Ref. 5). Source: duPont.

AFA-1 Similar to RP-2. Source: duPont.
Petronate L A sodium alkyl aryl petroleum sulfonate, molecular weight

415-430, having both oleophilic and hydropbilic properties:
its basic structure is R—~<:>——3020Na. Source: Sonneborn.

Continued
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TABLE 2 - Continued

Pyronate 30 Similar te Petronaﬁe L, but completely water—sblﬁble,
and insoluble in oil. Source: Sonneborn.

Aerosol OT Sodium dioctyl sulfosuccinate:
ROCOCHoCH(COOR)S0z0Na, R = 2-ethylhexyl.

A powerful wetting agent. Source: American Cyanamide .

Tgepal CO-5%0 Nonylphenoxypoly(ethyleneoxy)ethanol:

R—0)— O{CH2CH20) nCHzCHz0H, R = nonyl.

A non-ionic agent, with balanced oil-water solubility.
Source: General Aniline and Film.

Katapol PN-430 A polyoxyethylated alkylamine: ‘
RNH(CchHEO)nCHQCHQOH; alkyl group not identified.

This is a cationic, o0il and water-soluble wetting agent.
Source: General Aniline and Film.

Igepon T-%3 Sodium N-methyl-N-oléyltaurate:
RCON(M@)CHQCHQSOZON&, R = C17ias. A versatile, water-

soluble, and oil-insoluble, anionic surfactant. Source:
General Aniline and Film,

IIT. COALESCER MEIDTA

. A wide variety of coalescer materials were investigated. For conven-
jence in‘tabulations etc. these are designated by FM (filter media) numbers.
Certain metal specimens from Huyck Metals already carried an ¥ {{ibermetal)
number and these were retained by us. Other solid materials used, such as
contact engle plates, retainer screens, etc. are not numbered and listed
here but are described in the text. Table 3 lists the FM materials that
were actually tested. Many other materials were procured, but were unsuit-

able for use because of high flow resistance or other reasons.




TABLE 3

COALESCER MATERIALS

. ™M Fiber
Description No. Structure diam. Source
Glass Fiber, uncoated 0 wool 0.5-0.8 Johns-Manville
1 " 3-8 Owens-Corning
(tlass Fiper, resin-
coated
Standard WS coarse - wool 5-20 Emcee
fine - " 2-5 "
Commercial A coarse 3 n 6-24 nfg. of element
fine h " 1-5 "
B-1 cnarse - " 6-2k coml. element
B-2 coarse - " 3-L0 "
fine - " 1-5 "
B-% coarse - " 3-15 "
Filter material T2 mat 1-2 Amer. Air Filter
Qrganic Polymers
Acrilan 1656 L6 wool 25 Chemstrand
1588 bt - " 5-2 "
needle
punched L8 fabric , "
Cotton 5 wool 15-40 --
Daczon 56 staple L5 ~ duPont
‘ 86 fabric 23-70 Borosites Ind.
N 98 felt 12 Amer. Felt
Dacron-Vinyon 8l paper 35-57 Borosites Ind.
Dynel 85 felt 35-T0 " "
Nylon 0555 SA 8 monofil. 125 duPont
- 9 " 25 Chemstrand
- ll " 50 "
1409-53-7 12 felt - duPont
1687-122 13 fabric -- "
1770-8-B 16 " - "
1840-15-3 19 " -- "
-6 21 " - "
- r{v ] 22 " - . 1
-- L9 monofil. 10-1%  Chemstrand
-- Th felt Lo-52  Amer. Felt
-- 95 " . 23-57  AFCO Filter Products
Plexiglas 69 chips -

F. B. Wright

Continued




TABLE 5 - Continued

M ’ ' Fibver

Description No. Structure diam. u Source

Granular Solids

Carbon, sintered 65 porous plate - section of a crucible

Chromosorb P 101 granules - stock

Alumira, adsorbent 102 80-200 mesh -- Fisher Scientific

Sea sand, fine 105 - "
Miscellaneous

Quartz 67 wool 2-14 Thermal Amer. Quartz

Carbon 75 felt 16 Carborundum Co.

Cellulose 90 sponge - ~--

Natural sponge 91 network 22-3%1 --

Sintered "Fibermetal" Plates

Thick- Mfg. Spec.
M ness % med. pore Obsvd.
Description No. in. voids size | AP cm _Source

347 Stainless steel 123 1/25 35 85 3.7 Huyck Metals

" " 225  1/16 80 20 6k "

" " 250 1/10 178 Lo 6.8 . "

" " 627  1/25 55 1k 21.0 "
302 " "oo1102 1/16 80 27 16.6 "
)_'_30 [{ N o 1307 1/8 80 235 1 D "
Nickel 131 8o 60 10.1 "
Copper on steel 901 1/2 80 520 0.5 "
Copper 1006  1/8 80 46 1.0 "

~-11-~




'EQUIPMENT

J. WATER SEPAROMETER

A standgrd water separometer was used as a convenient means of prepar-
ing, pumping, and metering thg flow of fuei—water suspensions and measuring
the turbidity of the effluent fuel. The standard coalescer cell and fallout
chamber could be replaced by any of tﬁe several experimental cells described
below. Certain other modifications were made. An accurate pressure gauge
was installed; a tee was insertéd directly above the turbidimeter to allow
withdrawal of samples at that point; and an open standpipe was attached to
avtee at the fuel outlet and extended to a point 2 in. below the top level
of the cabinet; The purpose of this was to eliminate the suction resulting
from the fact that the fuel outlet delivery tube extended to a point well
below the bottom level of the cabinet. At low fuel flow rates, this suction
reduced the pressure at the coalescef-cell to‘below atmbsphéric and thus
tended to draw air into the experimental‘ceils (which weré not completely
airtight). . : o .

Routine maintcnance involved replacement of the flow control needle
valve if its operation became erratic, renewal of the turbidimeter lamp if
the meter reading for clear fuel fluctuated, and replacement of the fuel pump
if its outpu* fell below 40O ml/min. At one point in the program, the WSIM
of clear fuel fell from 99-100 to about 95 and the index for a well-standard-
ized inferior mat fell from T8 to about'53; Aftef a lengthy and tedious search,
the apparént cause of the trouble was found to be a small piéce of framp plastic
material that had become lodged in the outlet line from the fuel reservoir.
When this obctruction was removed, the standard ratings at once returned to
normal and stayed there. This episode emphasizes the importance of makiﬁg
frequent checi runs on the machine. _ ' ' .

Operation of the separometer was carried out ekactly as specified in
the CRC manual (ref. 9) and the prescribed fluéhing procedure was followed
after eaC5 run, regardless of the cleanliness of the fuel used. One modifica-
tion made was to leave the machine loaded with isopropanél, rather than empty,
whenever it was shut down. OQur experience has been that meticulous operation
consistently gives reliable results. Although WSIM values are notoriously of
low precision, we obtained satisfactory réproducibility in a number of cases

where four or mcre replicate runs were made at widely separated intervals for
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the purpose of checking performance. our velues of 95—IOO are good to 11
unit; at the level of about 75-80, the variation is th; at about 40, it may

be as great.as t1o.

II. COALESCER AND OBSERVATION CELLS

l. Modified Separometer Cell

The standard modified No. 2 scparometer cell was used in the earlier
part of the program. It has a mat depth of 1/16 inch and open area of 0.1
cma, giving a linear fuel flow velocity of 25 cm/sec at the standard flow
rate of 150 ml/min. In some cases the mat depth was increased by the inser-
tion of spacers below the cap.

Although this was & satisfactory research tool, the conditions under
which it is used (thin depth of mat and high linear flow rate) are much too
severe to be realistic. (in a full scale filter/coalescer element, the mat
depth may be 5/8 inch and the velocity at the outer surface is only 0.86
em/sec at a flow rate of 20 gal/min.) For these reasons subsequent work was

done with larger cells, while continuing to use the separometer to prepare,

punp, and meter the suspensions.

2. f3lass Tube Coalescer Cell

A few preliminary experiments were made using the simple assembly illus-
trated in Figure 1. This cell had a useful mat area of 3.80 cm2, giving linear
velocities up to 0.83 cm/sec at the maximum flow rate of 190 ml/min; the mat
depth could be varied as desired. The éest results (GR 68-3%3) showed that a
satisfactéry discrimination between different mats or different {fuels could
be obtained, even at the low linear flow rate. Accordingly, we proceeded to

construct and use the following cells.

3. Plexiglas 0.5-inch Coalescer Cell

Thisxprototype cell, illustrated in Figure 2 from GR 68—35, had an ex-
pcsed mat diameter of 0.5 inch and area of 1.27 cm2, giving a maximum linear
s flow of 2.5 cm/sec at 190 ml/min. or 1.0 cm/sec at 75 ml/min. The incorpora-
: tion of the perforated support disks allowed the packing density of each layer
of the mat to be varied independently. Tests showed that these thin disks had
no adverse effect on the performance of a composite mat. Doubtless the fibers
on eaqh side «f a disk were in physical contact, owing to their elasticity

under compression.

-13-




FIGURE 1
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FIGURE 2
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L. steel 0.5-Inch Coalescer Cell

This was constructed much like the Plexiglas cell, using circular stain
less steel nr brass plates of 2 inch diameter and various depths from 1/32 Lo
1/2 inch. The opening again was 0.5 inch in diameter and the shallow recess?
to hold the sﬁpport disxs was 1 inch in diameter. MNo sealant was uscd be- |
tween the plates, since they were flat enough to it together with Llittle i
any leckage. The dovnstream layer of the mat was retained by a l/h—inch plat
whose opening tapered out to 1 inch diameter. Cushioned against this by a
neopreme O-iing was a glass fallou’ and observation chamber 1.2 inch long an%
1 inch in diameter, with a flat glass window cemented onto the ernd. It was hg'
in place by a Plexiglas collar, through which passed the four tie bolts that
held the entire cell together. Narrow water drain and fuel outflow tubes :
were fused into the bottom and ton, respectively, of the glass cell close té

¢

the steel retainer plate. »

The glass chamber allcwed a very good view of the entire half-inch dié
meter downstream disengagement surface of the ccalescer mat. The reiative f
number and size of the detached water drops could re=dily be observed. Thé
flow path of the fuel in the chamber was such that large wéter drops had a%
opportunity to fell out, while small droplets were swept along into the fue

outlet line as described in GR 69-1.

5. Separator Screen Observation Cell

One objective of the program was to study possible replacement of the

. K . e :
external S-inch canister screen that surrounds each element in a filter/ :
]

separator. In order to observe the behavior of such screens. a simple cell
]

(not previously described) was set up as shown in Figure 3. The standar? :
Tlow velocity at the inner surface of & canister (i.d. 4.82 inches) is redi‘
to 0.67 cm/sec. Thus it was feasible to increase the diameter of the test
section to 0.75 inch and obtain better visibility; the corresponding stand
flow rate is 1 ml/min. By adjusting the surfactant content of the fuel
the flow velocity, it was possible to deliver a stream of small and mediu@
size water droplezts that would traverse the fallout chamber and impiuge o

screen.

s
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YIGURE 3
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£. Other Observution Cells

The cell used in the single fiber studies will be described in the
section dealing with that part of the program. - -

Also a special cell used to view & cross section of a mat pressed

against a side window wil) be discussed in tne ‘section devoted to viswal . -= . -

observations.

I1T. OTHER EQUIPMENT

Other than the foregoing, the various items of equipment usea‘during
the program require no specilal description; They will be mentioned as re-
quired in subsequent sections. Included in this category are the facilities
used for measurement of contact éngle, interfacial‘ténsion, flow resiétance;
porosity, electrestatic behavior, water content and drop size, fiber dia;

meter, ete.

e




PHYSICAL PROPERTIES

I. CONTACT ANGLES ON TFLAT PLATES

1. Fauipment and Procedure

The contact angles were measured by a conventionai procedure, as des-

" cribed in detail in Report GR 65—). ;The,test;pJ§tc was supported horizontally
on a pedestal in a movable glass or Plexiglas tank filled with the test fuel.
Drops of distilled water were slowly delivered onto the plate from a fixpﬂ
hypodermic syringe with a 27-ga. needle whose flat Llp was l mm -2bove the
-plate. Thae arop sise wnb 110m 2 tc q bitiord ov,meter Oiten, after making the
-‘measurcment the szze of the drop was 1nczvdsed and the measurement was re-
peated. Excenu as noted, all data reported are for these advancing angles.

To measure receding angles, water was slowly retracted into the syrlnge until
the edge of the drop was seen to retreat abruptly.

The angles were observed at 50X by a monocular microscope fitted with
& simple goniometer having é precision of 1° or better. Proper back iight—
ing gave a sharp silhouette of the drop‘and its reflected image.

For each measuvrement, two or more separate drops were placed on the
plate. EFach drop was observed at least three times, at intervals, and both
limbs of the drop were measured. Thus each value reported is an average of
at leest 12 measurements. A.pair of values represents two separate experi-

ments, each on a ffesh plate. The indicated precision of each reported value
is t2°. |

2. Preparation and Handling of ‘est Plates

As described in GR 66-3%0, plates were preparea of the following materials:
glass, nylon, phenoxy resin (Monsanto 556), polyvinylchloride, Xel-T (poly-
chlorotrifiuoroethylene), polyethylené, and polypropylene. For those polymers
that were used in the single fiber studies described below, the identical
filaments wéie uned in the prepération of the plates.

Measurements on glass are notoriously aifficult to reproduce, because
of the ready contamination of its high energy sﬁrfaee. Using clean tools,
ordinary microscope slides were cleaned by otic of two methods: (1) washing
in hot cﬁromic acid, or (2) scrubbing with fine alumina in water. In either

case, the slides were thoroughly rinsed in hot tap water and distillead water,




and the wet plates were immediately placed in a bath of clean JP-5 and stored - =

there. , e ,

Nylon 66 filament was used to prepare both a soWid‘piéEQ’;nd a fiim on .
an aluminum. plate having rounded gﬂaes A smooth _adberent film was obtalned
from a 3% solution in formicr;fidf The solld plate was. obtalned from a layer
of chopped filament prééscd between sheets of smooth aluminum foil in a

Pasadcna hydraulic press held at 220°C and 20,000 1b ram fozce for 5 mln

The rcsaitbing smooth plate was stored 1n JP-5. . e T
‘Abtempts to mold a SOlld phenoxy resin plate were unsuccessful, but an B

adequate film on glass with rounded edges was obtained from a 50% solution i

of the resin in ethanol. After spin drying for 5 min, the plate was heated

at 185°C for 30 min. :

PVC, polyethylene, and polypropylene plates were prepared from chopped
filaments in the hot press, as described above. The conditions were esta-
blished by preliminary trials. They were: for PVC,HBS,OOO 1b at 145°; fox
polyethylene, 32,000 1b at 150°; for polypropylene, 34,000 lb at 205°
Satisfactory plates were obtained and, without further treatment, were stored
in JP-5. |
' A small plate of solid Kel-F was furnished by 3-M Company. It had a'
somewhat rough surface. It was used both as received and after carefully
polishing on a wheel with alumina. The polishing did no damage and gave a
smooth, clean surface. _

Prior to a measurement, the plates were transferred directly from the
JP-5 stofgge tank to a tank conlaining the fuel mixture to be studied and
were allowed to stand there for ét least 3 hours and usually overnight before
the water drops were added. After each‘observation in surfactant-containing
fuel, the plates (other than glass) were thoroughly rinsed with acetone
followed by hot tep water and distilled water, befcre being returned to the
JP-5 storage tank. The glass plates were discarded. The tanks were kept
covered, té‘exclude dust and reduce evaporation. A few drops of surplus

water were added to each fuel tank, to maintain saturation.

%, Effect of Surfactants ia JP-5

Most of the obbervatlons were made uvlng JP-5 fuel with varlouq sur-

factant additives. Table h gives these data.




In clear JP-5, the angles varied from 60° on glass to about 170° on
the polyolefins. Nylon gave au unexpectedly low angle, 84-89°. TFor the
phenoxyvresin, the reported value of 110° is,a little lower than that obser-
ved in the previous study. Pelishing the Kel-F plate raised the angle from
150° to a more reasoneble value of 160°, indicating that the surfacc of the
plate as received was contaminated. » o

. The effects of the different surfactants were highly varisble and

showed no conaistent pattern. A few iqqividual results, notably for AFA-1
and Katapol on polished glass, remain‘quéstionable. Three results that were
clearly erroneous were discarded and thé measurements were repeated, giving
widely different‘values. Usuvally, however, . the repfcducibility was quite
satisfactory. L L , v

The data élearly show that éhé éffeéts 6f surfactants are highly specific
with respect to the solid surface material. In general, “the three corrosion
iphibitors give higher angles on all surfaces. The sulforates and other power-
ful surfactants tend to give lower angles on glass and Kel-F, but higher angles
on nylon and PVC. The effect of Igepon T-33 added to the water is comparable
with that of sulfonates added to the fuel.

The effects of surfactant concentration are variable. In at least two
instances (Santolene with PVC, and RP-2 with glass), a low concentration de-
creased_the:contact angle, but a high concentration raised it. The question

of equilibrium at very low concentrations is discussed below.

'
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L. Measurcments in Other Fuels

Table 5 gives a cornparisbn of the results for JP—S, CITE, and NATO F-T75
diesel fuels, with and without 56 ppm Santolene C, on four diffecrent surfaces.
The relatively "irpure™ CITE and diesel fuels, as expécted, gave higher angles
than JP-5, exce,t on the phenoxy resin surface. The pronounc.ed effect of the

Santolene C in dicsel fuel is noteworthy;
TABLE 5

CONTACT ANGLES IN JP-5, CITE, AND DIESEL FUELS

Glgss _ Nylon Phenoxy
Fuel Additive, ppm polished film plate resin PVC
JP-5 nore 63,60 89 84 110 145
CITE none 89 120 118 100 162
Dicsel none 95, 99! 110 107 116 150
JP-5 56 Santolene C 74 118 . 120 164
CITE 56 Santolene C 114 136 | 102 164
Diesel 56 Santolene C  165,165! 162 163 161 163

Notes

1. Angle was unchanged on standing 1.5-2 hr,
2. Washed glass plate,

5. Establishment of Egquilibrium

In general, the contact angles remained uwachanged when the drop was
allowed‘to stand for a considerable pericd, provided thé fuel was saturated
and the tank was covered to prevent loss of water vapor. This constancy was
observed in our previous experience (GR 65-1) and in sevéral instances in the
present work, such as noted above in Table 5. Weatherford {(ref. 31) has shown
that <the initialbspreading of the drop occurs at a répid though measureable
rate. )

There remained the question of whether equilibrium was quickly estab-
lished in fuels containing surfactahts, pérticu].ar].y at the low additive con-
centration of 1 ppm. There is evidence in the literature that, in a static

system, it may take an hour or more for a .drop of water to come to equilibrium




with fuel containing such a low concentration of solute, although at 50-100
ppm equilibrium should be reached in a matter of seconds. The present experi-
ments with fuel cqntaining 1 ppm Aerosol OT showed no evidence of a time de-
lay. However, these results are not regarded as conclusive. For it was
observed that water which had been equilibfated with 1000 times its volume

of JP-5 containing 1 ppm Acrosol OT gave a contact angle'oh glass 14° higher
than pure water. _ | '

The equilibrium contact angle in theory is not affected by the gravita-
tional force resulting from the difference in density of the watervdrop and
the surrounding fuel. A factor that does enter in, however, is the tendency
of the drops to "stick" on the plate and therefore not spread to the full
extent that they should. 1In that event, a drop resting on top of a plate
should show a somewhat higher contact angle than the identical drop hanging
benecath the plate. This was confirmed in several instances, by carefully
turning the plate and its attached drop upside down in the fuel bath. The

1

"stickiness" of the drops enabled this to be dene without disturbance. Some

fairly large decreases in the apparent contact angle were observed, as shown

in Table 6.

TABLE 6

EFFECT OF GRAVITY ON CONTACT ANGLES

. Contact angle

Plate Additive Concn. pprm sessile drop pendant drop
glass : ‘none -- 60 55
Kel-F polished  none S 161 154
Phenoxy resin RP-2 71 121 109

none . - 130 120
Santolene C - 56 ' 120 112

A number of observations were mddc of both advancing and receding con-
tact angles of a given water drop. The difference between these angles re-

. flects not only the stickiness of the drops but also the change in the film
of adsorbed material on the solid surface. The results ébtained, given in
Table T, show differences in the range from 10 to U0° on both glass and nylon.
From the onec observation of clear fuel on nylon, together with previous data
for clear fuels on glass, it appears that the presence of surfactants mini-

mizes the differences between the advancing and receding angles.

~0%-
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TABLE 7T

COMPARISON OF ADVANCING AND RECEDING
CONTACT ANGLES IN JP-5 FUEL

Surface Fuel Contact angle
material additive Concn. ppm advancing = receding
"Glass, washed Santolene C 56 74 57
RP-2 71 79 56
4 [ 5.6 51 32
AFA- 56 54 37
Aerosol OT ! 60 52
Nylon-plate none -- 84 75
~-film RP-2 7.1 107 76
AFA-] 5.6 107 65
0.2 84 65
Aerosol OT { 1 89 65
Katapol PN-430 1 114 89

6, Discussion

Altogether, it is evident that these f‘la.t-pl;ate contact angles are highly
specific with respect to individual fuel components and surface materials.
They cannot reliably be predicted, but have to be determined as needed. Not-
withstand:‘:ng, these angles are a fundamental measure of the adhesion of a drop
to a surface. This will be considered fﬁrther in the following section deal-
ing with the work of adhesion. ~

The relation of flat-plate contact angles to the adhesion of drops on

cylindrical filaments will be discussed later, in the section describing the

single fiber studies.

JII. INTERFACTAL TENSTON AND SOLUBILITY

1. IFT of Surfactant Fuels vs. Distilled Water

Measurements of various fuel-surfactant blends and also pure n-heptane
against distilled water were obtained at 24 *1° by the dulNowy ring method
(GR 66-1 and 66-30). The procecdure of ASTM D9T1-50 was followed exactly,
excepso fér the faét the ordinary laboratory distilled water supply was used

without extra purification. This was preferable since the same water supply

...2br_




vas usced in the other parts of the program. The values of the surface tension
of the several bottles of water used ranged from G5 to 69, indicating a very
slight degree of contamination. Likewise, the interfacial tension of pure
heptane against the laboratory water was h7.3; compared with the literature
value of 50.8 against pure water at the same temperature.

This smoll departure {rom absolute purity in no way affected the con-
clusiecns drawn from the data; on the contrary, it provided the correct value
to use in calculations. The fuel-gurfactant mixtures used were part of the
same 1-gal blends that had been put through the water separometer and care
was taken to avoid contamination in removing the samples. The values reported
are averages of from two to four separate determinations. Their deviation
from the mean was generally well below the 2% allowed by the'ASTM method.

Only one of the reported values appears far out of line.

Table 8 shows the average values of the interfacial tensions observed.

For convenience in comparison, the corresponding WSIM values of the blends

are also given.
TABLE 8

INTERFACTAL TENSTONS

Concentration IFT

Additive ppm  1b,/1000bbl  dyne/em  WSIM

Bayol, drum 1 None | 48.1 55
Bayol, drum 3 None x' 45.0 ok
JP-5 None b1 99
Santolene C 56 16 35.5 63

5.6 1.6 ha.2 96

RP-2 T1 20 2h.8 25
7.1 2 9.7 65%

1.k o.h k2.0 9%

AFA-1 56 16 21.h 69

‘ 5.6 1.6 37.3 83

Aerosol OT 1 43.6 5%

0.2 L3.7 9k

Petronate I, 1 R 61

0.2 L3.0 97

Igepal CO-530 10 28.8 8%

Katapol PN-42%0 50 16.6 57

1 Lo.9 95

Continued
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PARLE 8 - Continued

Concentration 1T

Fucl Additive ppm  1b,/1000bbl  dyre/em  WSIM

JP-5 + Antiicer None ' ‘ 53_7 9%
‘ ' RP-2 7.1 2. ' 38.2 67
Petronale I, 1 ‘ 47,5 80

CITE None ' 43.0 95
Santolene C 56 16 38.2 69

RP-2 7.1 2 ho.L 65
AFA-1 - 5.6 1.6 39.2 85%

Jet A None LWe.7 98
Santnlene C 56 16 - hi.o 7

RP-2 7.1 2 ho.5 65

ATA-1 5.6 1.6 38.6 89

Diesel, NATO F-T75 None 34.8 21
Santolene C 56 16 32.8 18

*pstimated.

Several cénclusions are evident from these data. (1) The contamination
thas drascically lowered the WSIM of the drum 1 of Bayol did not show up in
its TFT; also the low WSIM of the marine diesel fuel was not reflected in
its IFT (see also ref. 16). (2) The various surfactants had much the same
evfect in the different fuels of high IFT. (3) There is no gocd correlation
between the effect of a surfactant on the IFT and WSIM. (4) In particular,
the lack of any appreciable effect of 1 ppm of Aerosol OT or Petronate L on
the IFT appeared to be fallacious. This could be ascribed to a failure to
reach equilibrium in the ASTM method, as discussed above in the contact angle
measureﬁents. Accordingly the following experiments were made; some of them

were reported in GR 69-1.

2. IFT and Solubility of Water in Equilibrated Mixtures

JP-5 (Bronoco 140) containing additives was equilibrated with 0.15 water
by pumping in the separometer. The resulting suspension was transferred to
an Erlenmeyer flack and allowed to stand quietly for a long time. After de-
canting the now clear fuel, the settled water was removed with the aid of a
separatory funnel. The IFT of this water against a sample of the decanted
fuel was‘deterﬁinod by the standard method, using a small size cup and ring.
Also, the unequilibrated IFT of the original clear fuel apgainst deionized

water was measured. In like manner, samples of the non-addifive Great Northern
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i
No. 2 fuel oil, before and after treatment with silica gel, were equilibrati
with 5% water and the IFT's of the two phases werc determined. Finally, th@
water content of the equilibrated JP-5 fuel samples was measurcd by the Kar;

Fischer method. The results are given in Table 9.

TABLE 9

INTERFACIAL TENSITON OF EQUILIBRATED FUEL-WATER

)
1]

IFT Water in

Fuel Additives, ppm dyne/em  fuel,prm
— : - |
JP-5 None (no eguilibration) 43,0 _ 80 !
56 Santolene C + 10 Aerosoi OT 0.59 <10 oo
56 San. C + 10 AOT + 15C0 antiicer 0.84 <10 j
56 Ssan. C + 3 Petronate L + 1500 ' 1.20 60 |
antiicer ’
Diesel )
as rec'd. None ' “1h.9 -
purified = None 17.5 --

.

The concentrations of Petronate L and Aerosol OT used in these tests:
were 3 to 10 “imes higher than those reported in Table 8, in order to‘dupl§
cate the mixtures used in coalescence experiments. Destite this differenc%
it is clear that these powerful surtactants gi%e a very low II'T after equif
bration with a small amount of water. For fuels containing such addicives;
it follows that conventional IFT measurements made egeinst pure wator are %
meaningleés. _

Thé‘addition of antiicer had no significant effect on the lowering oé
the IFT. Also, purification of the diesel fuel had almost no effect, althé
it raised the WSIM from %1 to 97. f

The very low solubility of water in the fuel treated with Aerosol Of

surprising, but we have no reascn to question the validity of the measurem

III. WORK OF ADHESION

From the contact angle and interfacial tension data given above (Taﬁ
L, 5, and 8), we can calculate the work of adhesion of water on the solid

faces submerged in fuel. The basic relations are
Ys{ = Ysu ¥ Yyr cos 8

and W= Yyr (1L + cos ©)




where the Y's are the IFT's between the surface, s; fuel, T and water, w;
@ is the contact angle and W is the work of adhesion in ergs/cme.

Any change in the fuel components will, i general, change each of
these Y's. 1In particular, Y, may be changedbdrasticaily. This 1s because
the surface in contact with the water is nol necessarily the original sub-
strate material. On the contrary, it is generally a laycr of componerts pre-
viocusly adsorbed from the fuel, a layer that is not completely displaced by
pure water (refs. 1, 3, 28, %2).

Moreover, different fuel comporients do not necessarily have parallel
effects on the different ¥'s. Each polar group in a fuel component has its
own specific degree of attraction to each different solid swrface and to
water. Thus, for example, the CITE fuel gave lower angles than the diesel
fuel on glass and phenoxy resin, but higher angles on nylon and PVC. Simil-

arly, 10 pmm Igepal and Tl ppm RP-2 in JP-5 gave about the same reduction

in IFT and increase in contact angle on phenoxy resin and PVC, but the Igepal

gave a much greater increrse in the anglcs on glass and nylon than did the
RP-2. 7 .

The net result is that the work of édhésion, W, of water on the surface
varies widely with the type of surfactant in the fuel, as well as with the
nature of the surface material. Table 10 sumarizes the values of 6 and W
for all fuels on the three surfaces of higher cnergy (glass, nylon, and
phenoxy resin). ©On PVGC and the lower encrgy surfaces, © is high and hence
W is very small in all cases. ,

Fof.each surface a plot of W vs v, gives widely scattered points,

showing a marked specificlity of the effects of different fuel components and

additives.
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TABLE 10

COMPARATIVE RESULTS ON FLAT SURFACES

Values of interfacial tension, ¥, p, contact angle of water, 6, .
and work of adhesion of water on solid, W =7,¢ (1 + cos 6).
Data for the last six fuels listed are from the previous study,
report GR 65-1.

- Glass Nylon Phenoxy
Fuel and Additive (ppm) Yt e _W e.. W e W
JP-S - clear BV} 60 66 89 45 110 29
56 Santolenc C 25.5 h L5 118 19 120 18
71 RP-2 2L .8 79 30 106 18 121 13
56 AFA-1 21.4 54 3L 119 11 138 6
10 Igepal CO-5%0 28.8 96 26 128 11 126 12
50 Katapol PN-L30 16.6 68 23 130 6 127 7
CITE - clear 43.0 89 Ly 120 22 100 36
56 Santolenc C 38.2  11h 2% 136 11 102 30
NATO F-T5 diesel - elear ~34.8 o7 31 . 110 23 116 20
56 Santolene C o %2.8 165 1 162 2 161 2
Kerosene clear L3} Yo 6 122 20
CITE clear hi.0 -- -- 122 19
Diesel clear 38.% T2 50 135 11
JP-5 clear 38,1 51 62 2L 17 -
JP-4 clear ko.5 L6 69 122 19
56 Santolenc C 29.5 117 1 136 8

TV.. POROCSTTY AND PRESSURE DROP

1. Capillarity Theory

The porosity and capillary properties of each layer in a coalescer mat
are a major factor in determining its performance (refs. 5, 25, 26, 27). We
speut scme effort in attempis to cha;acterize this behavior for different
coalescer media. Details are given in GR 67-2, 67-28, and 68-3.

The rate of risc of liquid in a uniform, vertical capillary tube open

te air is:

..(l}_l = —————] - 2
at - B (2RY-R%pgh)

wicere h is the height reached in time t; 7,v, and pare the viscosity, surflacc
tension, and density of the liquid; and R is the capillary radius. This ignores

the incertia of the liguid and viscosily of air, and assuwnes a liguid-solid
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contact angle of zero (which is the case for fuels on coaiescer ﬁcdia).

To test this relation for a liquid of known propgfties, experimental
;observations of h are plotted agaihst t, and the slope of the resuiting'curve
ét various points is determined and plotted égaihst i/h. The resﬁlting points
should give a'straight line, whose slope and intercept provide separate values
of R that should be in agreement. ' «

We have found it better to multiply the equation by 2h and therefore to
plot hZ vs. t, measure dh3/at, and plot it against h. (The ad?antage is that
- h® vs. t gives & curve that has a finite slopée at h = 0 and is flatter through-
out.)

In a felt or wool-like mat of more or less réndomly oriented fibers,
such as a glass coalescer mat, it is obvious that there will not be a unifori
pore size, but rather flow channels varying in dimension. The observed rate
of rise in a vertical mat represents anbiﬁféératibnggfwfhémiBEal'vari&tions.

‘ This subject has been discussed in an important paper by Peek and McLean
on the "Capillary Penetration of Fibrous Materials" (ref. 21). They assumne
that inertial effects can be ignored, and thét R and R® in the preceding ex-
pression for dh/dt must be replaced by two functions A and B, whose value is
determined by the distribution of poré gsizes. If it is assumed that the pore
radius varies uniformly over a certain range, that range can then be deter-
mined from the straight line plot of dh/dt vs l/h. (In any case, if the data
can be ex?rapolated to give the maximum rise where dh/dt.= 0, an averége
eqﬁivalent value of R can be obtained from the usual relation, R = EY/pghmaX.
Details of the computation of the minimum (E,) and meximum (Rs) pore radius
are given in GR 67-2.

Further considsration was given in GR 67-28 to the assumption that a
coalescer mat might be represented as a 3-dimensional random array 6f long
straight cylinders. The calculations showed that fhis model is incorrect,
since 1t giyes a modal cell size much smaller.than the average pore radius
determined iy the rate of capillary rise, Indcéd visval inspection clearly
shows that the fibers in a typical glass mat arc by no means randomly arrayed

but tend to lie in parallel planes and are to some degreé bunched together.

2. Capillerity Mecasurcments

Measurcments werc made on four samples of glass wool and six granular

materials packed into 10-mn i.d. graduatcd tubes, and on strips cut from nylon,




polyethylene, polyvinylchloride, and steel fibermetal filter materials sus-
pended inside a glass shield tube. Te Prupare uniform colunns of glass wool
is not easy. Best results were obtained by spfeading oﬁt the.bats in sheets
and cutting out a_large nuwiber of 10-mm diameter diSkS‘With é cbrk.borer.
After weighing, these wére'carefully inserted»one at a time into'the tpbe’.\
and were tamped down to give the desired packing density. The packing was.
held in place by iunserts cut from 1l-hole rubber stoppers.

The lower end of the packéd column or strip was immersed in Bayol 35,
dyed green for better vieibility. At the same moment a timer was started.
The time was recorded for every 0.25 cm incfease in capillary height until
the rate became very slow. In the glass-packed columns, despite the effort
to obtain a uniform packing, the capillary rise was byrnb means as uniform
‘and easy té follow as it was in the granular and strip'materials. Many vpid
spaces remained unfilied and it was difficult to estimate the level rcachcd at
a given time. Howevef,,one duplicate pair of iuns showed very clqse overall
agreement.

For satisfeactory differentiation of the h® vs. t curve by drawing tan-
gents at a number of points, it was necessary to draw a truly smooth curve
of constantly decreasing slope through the data points on 11 x 17 in. graph
paper. This is facilitated by having pointé at frequent intervals. Apart
from this requirement, the method is simple and easy to carry out. The tests
were usually terminated after 0.5 to 2 hours.

_Aftér plotting dhz/dt vs. h, a straight‘line ;a5 drawn thriugh the more
reliable foints (those at the higher values of h). This was extrapolated to
zero to obtain an estimate of h aud hence Ry,

max The values of Bi and Ry

were computed as indicated above.

g

' The results of these cxperiments are summarized in Tavle 11. For the
granular materials, the rate of rise data were erratic and failed to extra-
polate to give the maximum height that was actually observed after long stand-
ing. Hence: for these materials, only the latter values are reported in the
table. It should be noted that, while these materials would hardly be practical
for use in filter/coalescer clements, we hoped their performance might be help-

ful in defining opiimwa characteristics for the downstream layer of the coal-

escer mats.




TABLE 11

PORE STZLS COMPUTED FROM RATE OF CAPILﬁARY RISE

Constants of the straight line, dh®/dt = a-bh.

‘ Packing “% B Rate . Pnax .Calcd. pore
M density, Void __constants?t est., radius, microus

Material No. g/emS est. 8 b ~cm. Ri_ _Ra _Rgyg
Uncoated glass 1 0.159 93 0.180 0.021 8;7 19 213 76
Coml. A glass, 3 i 85 . 3045 L0300 10.15 20 159 6l

coarse , ’ '
Coml. A glass, L .0%2  98.5 .0936 0k 6.5 18 303 101

fine .
Coml. A glass, - L .06k 97 0766 .007% 10.35 12 18 63 i

fine ’ - S e Foomor ST 3
Nyloa - 21 .32est. 72 W68 .02k 19.5 1k 62 33 i
Steel 627  3.61 5% 122 .00k 28 T 56 23 R
Polyethylene sk 0.59 35 .01 0072 9.8 13 13 67 i
PVC 29 0.485 65 161 0133 12.1 1k 143 sk i
Magnesium -- 0.72 59 -- - 10.3%  -- - 63 ;
Tungsten carbide -- . 1.85 . 88 ~-- -- 7.0 -- - ok hi
Steel 57  0.70 91 = -- -- 9.5  --  -- 69 5
Alumina 102 0.95 3 -- -- 20.23 - - 3 v
Sea Sand 105 1.56 L - -- 12,5 - - 52 i
Chromosorb 101 0.43 71 -- -- 13,28 - - 50 @

Reached 13 cm on long standing.

Reached>21 cm on long standing.

From these data several facts are evident. First, in comparison with

AP e T Mk D0 e

glass and the other polymers, the Nylon fabric is in a class by itself, as

might be ekpected.from its structure: its threads of closely packed, parallel-
oriented filaments exert & strong capillary action, even though the overall

density is not high. Among the gléss packings, there is.no major difference

i
ks
1
3.
R
(3
i
; ;

in the minimum R values, and the average R can be taken as representative of
the material. Compression of the FM 4 fine glass decreased the several valucs
of R more than might have been expccted. The closely packed FM 627 stecl

fibérmetal had the strongest capillary action of all the materials tested,
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whereas the loosely packed FM 57 stecl shavings were relatively weak.

In gencral, there is no clear-cut correlation between the porosity (as.
measured hy Ravg) and the packing density or % void\spaée. This is not un-
expected, in view of the diversity in structure of tﬁévﬁaterials.

7

5. Pressure Drop

In general, coalescer mals prepared for use in the water scparometer
or larger cells were characterized by their resistance to air flow. Using
an accurate flowmeter and vertical water manometer, the AP across a cell
and mat was measured to the nearest millimeter. If significant, a blank cor-
rcction for the emplty cell and line was subiracted. '

Originally, the measurements were made in the No. 1 unmodified separo-
meter cell at 8 lit/min air flcw, in accordance with standard practice (ref. 9).
Later (GR 68-3), in order to save time, the measurements were made directiy
in the cell that was to be used for the coalescence -- either the No. 2 modi--
fied or one of the larger experimental cells. These cells were rated at 1
lit/min air flow. The relation between the AP at 8 1it/min in No. 1 cell
and 1 1lit/min in No. 2 cell is not linear, and moreaver depends on the nature
of the mat material. Tor comparison of the reported data, the following
equivalents will suffice:

AP, cm water

Mat ‘ No. 1, 8 1it/min No. 2, 1 lit/min
Standard fine + coarsc 29.7 ‘ - 6k
2 Standard coarse ' 5.9 : T.5°

With fuel Tlowing, the actual pressure drop across the standard fine +
coarse mats in the No. 2 cell is essentially in linear proportion éo the flow
rate. It is 6 psi at the standard rate of 150 ml/min. In the 0.5-inch cell,
‘a mat having a moderately high air flow AP of 30 cm showed a fuel flow pres-
sure drop of 2.5 psi at the standard flow rate of 75 ml/min“

Thie vﬁrious AP values for the individual mats used will be recorded
later in the tables of coalescence performance dnta.

In genergl, for the different coalescer media, it was not possible to
make a general prediction of pressure drop from fiber fiameter and packing
density. This was precluded by the wide variation of diameter within a given

glass mat, and by the differences in mat structure of different materials.




As an example of the latter effecﬁ, wide variations in pressure drop
were observed for three granular materials and nylon IM-21 filter when packed
in the No. 1 cell to give esscntially equal void space (72-76%). The AP's
observed were: magnesium 4.7, nylon 7.1, Chromosorb 1k.1, and aluminia 30.5 cm.

In GR 67-2, data are given for the AP's of four different glass mats
and two nylon structures (cloth and filament), each packed over a wide range

of dcnsities in the No. 1 cell. For each material, the relation is nearly

linear at low densities, which is approximatély as expected for viscous flow
through capillary channels or pores. At high packing density, the volume
cccupied by the Tibers becomes a factor, and the pressure drop rises above
the straight line.

A somewhat detailed study was made (GR 67-28) of the standard fine and

coarse glass mats, separately or in combination, over a wide range of packing

densities in the No. 1 cell. The data, given in Teble 12, were accurately
correlated by the relations AP = WC_ZiS.T + (1.16 + 87.4 WC)[j7 and
_£>P = W (237 + 3570 Wf/V), where W, and Wp are the coarse and fine mat weights

in grams and V is the cell volume in cubic centimeters (1/16 inch depth =

0.84% cc). For a combination of fine and coarse glass, AP is the sum of the

%

values computed sevarately, allowing half of the total volume for each com-
ponent. L

We anticipated that there might be a simple relationship between the
" flow resistance of the fine and coarse fibers, but this‘evidently wes not the
case. Thé ratio of the fiber diameters is approximately 1 to Lk, so that for | .
equal weights, the fine mats have about 4 times thé surface area and 16 times .
the total length of fiber. But for equal weights in a given volume, the above
formulas give a ratio of the flcw resistances varying from 15 to 1 up to b,
to 1, as the packing density varies from zero tc inTinity; at a typical density
of 0.1 g/cc, the ratio is 23 to 1.

Thus in general it appears that, in flow resistance, the fiber mats arc
intcrmediaté in character between screens and capillary channels, and that
the degree of resistance varies with both the diameter of the fibers and the

average distances between them.

1
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TABLE 12

PRESSURE DRCP OF STANDARD GLASS MATS

In cm. of water for 8 lit/mih air flow in
_ the unmodified separometer cell.

Depth of Packing ’ No. of

cell, in. Nunber of mats density g/em® AP, cm detns.
1/16 1 coarse (85 mg) - . 0.101 2.2 2
2 " C.202 5.9t 0.5 o7
3 " - 303 11.0 1
1 fine (44 mg) .052 17.0 6
2 " .10k 52.L 1
1 fine + 1 coarse 153 29.7 % 1.5 28
1/8 1 coarge .050 1.8 2
2 " 101 k.8 1
1 coarse + 1 fine .076 ' 21.9 2
5/%2 1 coarse .0h0 1.65 2
2 " .081 _ h.o 1
1 coarse + 1 fine . .06l 18.7 1
7/32 1 coarse .029 1.6 2
2 u ' .058 3.5 1
1 coarse + 1 Tine .Olih 164 1




ELECTROKINETIC PROPERTTES

I. GENERAL OBSERVATTIONS

It is well recognized tﬁét electrostatic charges can have a major effect
on phase separation in suspensions, and Bitten (ref. 5) concludes that "the
electrokinetics of fuel flowing through a fiber bed is a little understood
phenonienon that may play a vital role in the coaléscence mechanism." However,
in an important study by Reiman of Arthur D. Little, Inc., under contract from
the Air Force (ref. 24), it was concluded "that filter/separators function
primarily by mechanical means and that electrostatic charges ﬁill not signi-
ficantly affect their operation." o

Our limited observations in this area tend to confirm the latter con-
clusion. One possible exception to this is the effect of‘Plexiglas surfaces
described below. _ 7

A few experiments reported in GR 66-1 showed that charged water droplets
~injected into kerosene quickly lost their charge. On sedimentation of a sus-
pension between parallel electrode plates 1.2 cm apart, charged to a potential
difference of 90 wvolts, there was no effect; at 300 volts, sone of the droplets
were attracted to the negative electrode. When the electrode evenituwally be-
came partly covered by waéer, many of the droplets attracted to it impinged'
on & previously attached drop and vere instantly repelled therefrom. (This
is due to' the rapid neutralization of the induced positive charge on the lead-
ing surface of the droplet, lcaving it ﬁith a net negative charge.)

Tn other experiments (GR 66-1), saturated fuel with or without free
water in suspension, flowed rapidly over ﬁarioﬁs coalescer media loosely
packed in a Teflon tube; In the absence of free water, substantial voltages
were mcasuréd in the effluent; with water droplets present, the voltages were
much lower. |

During the single fiber study described in a later secﬁion, onc expari-
ment was made in which the wire frame holding nylon filaments was charged to
-3500 volts and a wire screen wrapped around the outside of the glass obscrva-
tion cell washcharged to +3500 volts. There was no indiéaﬁion that this field
had any effect on the acdherence of droplels to the filament. However, the
subsequent- growth rate and size of the attached drops was greatly increascd.
This was more pronounced on a 125-p than on a 25-u filament. The detachment

of the large drops appeared to be wnaffected.
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In the same series of single fiber studies, ifti was observed that poly-
vinylchloride [filamoents had a pronounced tendency to pick up stray Tibers
from the fuel stream. This is clearly visible in one of the photographs
shown in the section describing those studies. This may well be the result
of clecetrostatic attraction, and may be related to the ready adherence of
waler droplets on these filaments.

In an experiment reperted in GR 68-3%, an electrically insulated Plexi-
glas cell was made with the same in%ernal dimensions as the No. 2 separometer
cell. It was operated in the normal mahner, ucing fuel containing 0.1% water
and 25 ppm Santolene C; the mat comprised standard fine glass and FM 235 steel
wool. By means of an alligetor clamp and a 0.00l-inch brass shim, the steel
mat could be grounded or insulated at will. There was not the slightest
observable effect on the performance of the cell when the mat was alternately

insulated and grounded; the meter reading remained constant at 8l

II. EFFECT OF PLEXTIGLAS

Up to this point in the program, we had no reason to suspect that electro-
kinetiec efTects were significant in the operation of the cells. However, a
group of similar runs made in the 0.5-inch Plexiglas and steel cells (CR 68-3%3)
showed a startling difference in performance. In each case, the mal comprised
8 gtd. fine and 4 std. coarse plass disks compressed to a depth of 0.5 inchj-
the fuel contained 0.1% water, 25 ppm Santolene €, and 1 ppm Aerosol OT. Two
runs in the Plexiglas cell each gave 8-min. indexcs of 97, while 4 runs in
the steelucell gave readings from 7L to T9 with an average of Th.

In view of these results, an initial series of experiments was made in
which perforated Plcxiglas disks were placed upstream of the coalescer mat
material. Three different disks were made and tested. All were two inches
in diameter. One had 1/16 inch diameter perforations and was 1/L inch thick;
the other two had 1/32 inch diameter perforations and were 1/b and 1/16 inch
thick respectively. The mats werc contained in the steel cell.

With operating conditions as above, the same beneficial effect was ob-
served with the No. 1 disk in place: two runs gave indexes of 98. When the
mat was replaced by a l-inch deep piug cut froﬁ a commercial element, the
Pleoxiglas disk raised the index from Sh to 75.

Then a much better glass met was used; it alone gave an index of 95.

The next run with this mat, made with the No. 2 disk in place, was unique --




it gave by far the best coalescence ever obsecrved visually, even better than
the runs with AFR dye (described later). All the water emerged in two or
three massive drops that slowly grew in size until they flowed down the sur-
face of the mat into the pool at the bottom of tﬁe observation chamber; thére

were no small droplets at all. However, five subsequent tests using each of

the disks completely failed to reproduce this extraordinary result; there was

no indication of any effect whatsoever.

When the same test was carried out with a layer of the porous polyvinyl-
chloride sheet FM 64 as the cuter skin, the results were cbmpletely reversed.
In the absence of Plexiglas, coalescence was quite good;'but with the No. 2
disk upstream, severe grapeing occurred -- a phenomenon that had never before
been observed inm the half-inch cell: '

With glass-steel mats thers was no evidence of any specific effect of
the Plexiglas; coalescence was good in all these runs.

One experiment with the NATO F-T5 diesel fuel indicated a marked im-
provement by the Plexiglas. The two mats involved in this comparison were by
no means alike, the one used with Plexiglas being presumably inferior.

Some Turther effort was made to confirm or extend these findings, but
with no conspicuous success (GR 69-1). -

To obtain upstream surface area greater than previded by the No. 1
perforated disk, threec vorous sintered disks were prepared from pulverized
M 69 pellets; one of these contained FM 57 stainless steel shavings of very
fine sizQ: The material was thoroughly mixed with sodium chloride 'in a mortar
and pourcﬁ into an annular brass mold of 1 inch i.d. placed on a bed of sand
or on a fine wire screen. The mixture was then packed down to a depth of
0.25 inch and was heated in an oven for 45 min. at 150 C. Then the assembly
was transferred to a pan of cold water, to dissolve the salt, and the now
rigid porous disk was rinsed in hot and cold water and dried in air. ~In the

composite disk, the steel shavings did not become coated with the polymer.

The particle size and composition was as follows: \\\‘
FM 69 Composition, by Wt. ™
‘Disk No. mesh size FM-69 Steel Salt
L 30-60 100 0 .25
5 <60 73 22 30
6 20-3%0 100 0 160
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These dicks, together with the No. 1 perforated plate previously use

vere tested upstrean of a glass mat of 6/%2 inch Fi b plus 8/%2 inch Fil i

the fuel conbained antiicer, 56 ppm Santolenc C, and 3 ppm Aerosol OF. Th

results wvere as follows:

AP Rating

Disk No. “em 8 min 26 min
None 28 100 96
No. 1 31 100 a9
Wo. L 45 100 98
No. 5 i) g2 89
No. 6 28 100 97

The inferior performance of the No. 5 disgk is perhaps noteworthy. The oth
disks showed no sigr.ficant effect. Also two other runs were made using t
No. 1 disk with & more severe fuel containing Petronate L. Neither showed
indication of benefit from the Plexiglas.

We concluded that this capricious effect of the Plexiglas surface e
rants further consideration. It presumébly involved an electrostatic or
electrokinetic acticn, and this will better be investigated In other contr

research programs now underway.




VATRR DUSTRENSTONHS

To  TREPATATION

A major part of the proposcd study was observation of the adhesion,

growth, and detachment of water dreplets on single or crossed fibers suspeﬁdcd
dna flowing fucel stream.  TFor this purpose, it was desirable to prepare a
suspension of droplets of controlled size and concentration, free from extra-
ncous clecvrostatic charpges.  The customary method of proeperation by shearing
action in a pump or Llender produces suspensions having a wide range of drop
slzes, and it does induce clectrostatic charges that take a certain time to
dissipate. Accordingly, a number of other methods were investigated (G 66-1).
Scme of these proved to be adequate, though not as good as desired.

Cooling kerosenz saturated wilh water at 100° or adding water dissolved
in alechols or benzene was quite uwnsatisfactory. A fine glurry of ice greund
under cold keroscne added to a beaker of kerosene at room temperature gave a
suspension of quite uniform sized droplets, but they were about 25 v in dia-
moﬁer -- gomewhalt larger than desired. Tt was concluded that the method is
intrinsically cffective, but is certainly not very procticable

A hypodermic needle vibrating at its resonant frequency is known io
pfoduce a strecam of very wniform droplets, of diamelers down to 3C p. We were
unable to make smaller droplets, and in any event the rate of delivery would
be low. TLikewlse, it is well known that a succession of uniform drops can be
obtained from a capillary or ncedle charged to a high voltage. After a numbor
of trials;‘we concluded that this method had promise but that considerable
development would be required to zdzpt it to a continuous fuel Tlow system.

Three other methods proved to be more useful.

The liguid jet method used a very rapid discharpge of water from a hypo-
dermic syvinge through a No. 25 necdle submerged in kerosene. This gave many
very small droplets which remained in suspension fer hours. The overall drop
size distribution ccvered a wide range, however. The method is useful feor

rapid preparation of a batceh of suspension for use . in experiments, bul is not
suitable for continuous production of uniform sized droplets.

Injection ef live steem through a capillary jet beneath the surface of
korosone gave a milky white suspension of small droplets that showed no vigible

sedimentation in one hour. The temperatuwre risce was trivial. Since this
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rethod would be adaptable to a {low system, we set up a boiler that delivered
0.h g/min of stemn superheated to I25Y. A svgpension of 2.%¢ water in Rayol
59 was prepared ja 30 sce.  Droplet size measurements, made as dcsciibed be-
low, showed that this cquipment did not give as good a gsize distribution as
‘expected, there being a substantial nwiber of droplets in the 20 to 80 p range.
Doubtless a better and more uniform suspensicn could be obtained Ly modifying
the manner of injecting the stecam. Instead of doing so, we used the follow-
ing simple method to provide the suspensioﬁs for the single fiber flow studies.
The vupor condernsabion method (GR 66-30) gave an adequate droplet size
distribution, was easy to operate, and had good reproducibility. Air at a
flow rate of 600 ml/min (at 24°, 741 mm ) paésed through a water saturator
maintained at 56° and thence through a warm 0.25-inch coﬁper delivery tube.
The cxit of' this tube was located 6 mm above the surface of & reservoir of
saturated Bayol %5 at 21°. The warn air-vapor stream was rapidly cooled by
the Tuel and the surplus watcer condensed oul in droplet form at the rate of
54 mg/min.  This rute was calculated and was also measured in a special run.
The droplet gize distribution is given below. Vhen the moist air sirecam was
dcelivered 6 mm below the surface of the fuel, the bulk of the water condensed
into droplets of less *than 5 p and the fuel was too cpalescent for satisfactory

observation.

IT. DROP SIZE AMD TURRIDITY

J. Size Distridbution of Suspengions

A O.S—ml sample of a water-fuel suspension was placed in 2 sample cup
for microscopic obgscrvalion and counting. The cup was a short scetion of
22-mm 1.d. glass tubing cemented with silicate onto a polyethylene Tilm on
a microscope slide. The droplcts would soon fall through the 1.3-mm depth
of fuel in the cup and rest ciu the film withoul spr=27/ing, Fach particle
count covered a circular area 1.k mm in diameter. A photomicrograph was taken
al 100X or 210X on Polaroid 3000 film with 1/30 sec, exposurevunder strong
illuminztion. With the aid of a calibrated grid in the cyepiece, the size
distribution en three random areas was then counted at leisure.

The submarged alr-vapor jet, like the steam jel, zave many droplets in
the 1-10 p range and a nunber of larger ones up to a maximan of 30 w. There

wore also a nunber of "clowds" of droplets too small to be individuwally visible.




On the other haud, the above-surlace air-vapor jel gave only dreplets
in the range fron % to 30 p. Evidently very small droplets cannot penetrate
the fuel-air interface, but instead coalesce there. The numerical distribu-

tion over this range was almost flat, as shown by the following numbers:

Droplet diamecter, p - <3 3-5 5-9 9-1% 13%-17 17-25 25-%0 >30

lorcentage observed - 0O 8 28 20 20 20 L 0
This size distribution and concentration proved to be very satisfactory for
the flow studies, and was adopted without modification.

A sample taken from the separometer, aflter the standard procedure for

preparation of the suspension, showed the following size distribution:

Droplet diameter, p  0-5  5-10  10-h0  >ho
Percentage 51 Lo T 0

2. Calibration of the Turbidimeter

Suspensicns of various amounts of weter in clear fuel were prepared as
usval in the separometer. They were then pumped at the standard flow rate
(150 ml/min) directly from the tank to the turbidimeter, bypassing the ceal-

escer ccll and fallcout chamber. The readings were:

% Water input O .02 .05 .10 .10% .25 .50 - 1.00
Meter reading  10C 88 L 18 11 T 8 3
.XA

fuel contained 60 ppm Santolene C, giving a finer dispersion.

As énticipatcd, these data indicate a linear relation between the water
content and the negabtive logarithm of the index or meter reading, 7.6 x %
water = 2 - log index, which holds up to at least 0.1% water; lower values
of the index are of no practical interest. For example, with an input of
O.l%,an index of Td indicates that only 80% of the water has been remeved.

I{ the effluent water droplets from a coalescer cell happen to be
smaller thap the average input, theﬁ the amount of water in the effluent will
be less than estimated from the index.

| On the other hand, it has become recognized by Hazlett (refl. 10) that
the effluent droplets, although just too small to fall out, may be large
enovgh (about 20 to 50 1) to be clearly visible to the cye. These have little
or no effect on the meter reading, unless present in high concentration.
Hazlett has shown that several hundred paris per million of frec water may

be present in this form without lowering the index below 90, and we have
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observed a substantial muber of such droplets in an effTluent that still gave
an index of 100. The smaller, invisible droplets which appear as a haze are
the ones that have a marked effect on the index..

Thus the scparometer index (or any other similar meter) gives only aﬁ
indication of the amount of finely divided free water in a fuel. It cannot
be relied on to measure the total free water content.

The above calibration assumes that all the water input is suspended in -
the fuel, and that none disappears by solution or By hangup in the system.
Since any fuel is normally morc or less saturated with dissolved water, any
furthef amount going into solution will be negligible. When the input water
is carefully injected in the specified manner, we believe that the amount of
"natural coalescence' occurring in the equipment is much less than indicated
in the CRC study (ref. 9). i

The basis for this belief is a test reported in GR 67-28. A O.l% water
suspension in clear fuel was prepared as usuval, and was then pumped at 150
ml/min through a Jjuwper leading to the turbidimeter and the outiet line was
led back to the reservoir -- altogether.a long flow path. The index remained
constant at 17 Il for 55 min, then slowly rosc to 39 at 130 min. This clearly

shows a high degree of stability of the sus@onsion;

ITI. ANALYSIS CF WATHER CONTENT

1. Treated Pad Methods

The‘reliable measurement of free water in fuel has‘always been a trouble-
some probiem. The simple turbidimetric method is not always satisfactory, for
the reasons discussed above. The Karl Fischer method has long been abandoned
since it has to measure the usually small difference between total water in
the sample and dissolved water in a scparate sample of the same fuel saturated
at exactly the same temperature.

The Navy AEL fluorescent pad method has been evaluated by Brown, Johnston
and others (refs. 8, 14, 15), and equipment is commercislly available. We
tried this method, but found it quite unsatisfactory for fuels containing
water dropletsAof substantial size and amount. A pad method based on electri-
cal conductivity recently published by Bitten (ref. 6) appears promising; we

1

did not take the time to try it.
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2. Waler Soluble Nve Methods

Hazlett.(ref. 10) has proposed to make the suspensions using waber con-
taining 0. 8% of a fucl-insoluble dye, Acid Fuchsin Red. Then a sample of

effluent fuel from a cealescer is extractad with a small amount of aCLGIfled

water. This is sep2a ‘ated by centrifuging and its optical density at 545 nm

is measured by a sgpectrophotometer. The method is easily capable of detect-
ing 1 ppm of free water in the fuel.

We tested this method‘using the 0.5-inch steel ccll and observation
chamoer (GR 68-33). With an all-glass mat, two runs with cléar fuel and no
dyec gave indexes of 100. Visual observation showed the water falling from
fhe downstream surface in large drops.v Additibn of dye to the water gave an
index of 98 and similar drop detachment. These tests of all-glass mats were
then continued with the addition of Santolene C and Aerosol 0T to the fuel.

The results were unexpected and startling: the dye promoted coalescence to

a marked degree. It maintgined the detachment of the water in large drops,

in conspicuous contrast to the small drops normally observed with the additives
in the fuel. With 25 ppn Santolene C pius:l~ppm Aerogol OT in the fuel, the
index was Tl to T9 in four runs without dye, and 99 in each of two runs with
dyc. Using twice as much surfactant, the corresponding figurcs were 68 and 97.

The same efTects were observed with glass-plus-steel mats. Although
these gave 2 high index with or with or without dye, the diffcrence in drop
size was readily apparent.

In an cffort to overcome this activity, we shifted to the use of Indigo
Carmine as the dye, using a crude colorimetric procedure} A standapd solution
containing O. %6% Indigo Carmine in d:stJJ]ed water was prepared. A series
of color standards was made by dilution and placed in small test tubes. The
standard solution was used to make the 0.1% water suspension in the secparometer.
After eight minutes of running, a 300-ml saﬁple of the effluent fuel was caught
in a scparatory funnel from a line downstream from the turbidity chamber. 1To
this, 3 ml of distilled water was added and shaken sevéral tinmes vigoiouslv
The water layer was then scparated and v1sual]y compared to the color standards,
to provide a rough estimate of the free water content in ppm.

This mecthod was used for a number of runs. It finally became evident,
however, that the Indigo Carmine also affected the coalescer operation, though
nowhere near as strongly as the Fuchsin dye. Also, the initial appezarance ol
water at the downstremn face was greatly delayed by the dye. We therefore

abandoned it. !
W -




ne morae unsuccessiul attompt was made to use a tracer to measure the
free water in the efiueat fuel (GR 69-1). fThe watcr used to make the sus-
pengsion containad 1% iron as ferrous chloride dnd 0.1% of hydrochloric acid.
A 200-ml sample of cf{fluent fuel was extracted with two A-ml portions of
aqueous hydroxylamine gulfate by shaking in a separaféry funnel. The extract
was drained into a small test tube and treated with 1,10-phenanthroline solu-

tion to form the red-colored ferrous complex. Blank tests showed that this

[

simple procedure would readily permit direct visual estimation of as little

E

as 1 ppn free water in the fuel. However, for no evident reason, the ferrous
solution had a very drastic inhibitory effect on the coalescence.

After these expericnces, we gave up further efforts to make quantiﬁative
measuroments of the free water in the effluent. - Instead, the performance
ratings of the later runs was expresscd by the meter reading followed by a

letter code Tor the visual observation, as follows:

A** - Same as A, with fallout from the mat in massive globules.
A¥ - Same as A, with fallout in large drops, 1 mn or more in diamcter.
A - No droplets visible in effluent fuel.

AH - Ho droplcts but slight stream of haze visible.

joe]
t

Very fow vigible droplets; meher 99-100.
- Censiderable nurber of droplets, but meter still 99-100.
- Many droplets; meter 90-99.

Haze evident; meter aboult 75-95.

> o B~ A
[

= Very poor coalescer; meter below T5.

[
!

Almost no fallout; harme present at outset, and meter down to
about 20-h0.

..)|5_.




STUGLE FIRER STOLTLS

T. _ PRELIMINARY BXPRRIMENTS AND CATCULATIONS (GR 66-1)

1. TInitial Obsecrvations

At the outset of the program, we observed the gravity-Ilree bchavior of
massive drops of water suspended in & densily pradient between twe mixtures
of chlorobenzene and xylene. The mixtures had densities at room temperature
of 1.005 and 0.990. They were contained in a 16-o0z square bottle.

The effects of surface tension wore readily observed with drops float-
ing freely in the column. They could be pushed about by metal or glass rods,
undergoing considerable elastic deformation and recovery, without adhesion.
Drops woved against cne another would usually bounce or slide away. Small
drops would coalesce much more readily than large ones, usually after the
characteristic time delay. On the other hand, wien a drop was touched with
the end of a glass rod that had been broken off and not polished, the drop
adhered instantly. The sharp points or edges of the glass penctrate the
intervening organic liguid film and make immediate contact with the water.
Once contact is cstabilished, the drop spreads very rapldly over the surface.

Photographs wera taken of both side and end views of drops adhering
to clean rods of aluminmum, copper, stainless steel, and glass, cach zbout
5 mn in diameter. In air, the clean rods were rcadily webted by water. How-
ever, after the dry rods were immersed in the organic fluid it was notv ecasy
{o obtain adhesion of water drops, even on the glass rod. To overcome this
difficulty, a very small drop of wateér was placed on the desired spot on the
rod boefore lowering it into the density gradient colwnn. Then a medium or
large size drop of water (diam. % to 15 mn) was added Trom & pipette onto
the same spot, where it adhered readily. The water used with the glass yod
was colored with phenol red, te give better contrast. The shape c¢f these
drops 1s described below.

One experiment was made to obgserve the bchavior of drops on a lattice.
A piece of 3/16-inch mesh stainless steel wire screen was supported horizon-
tally in the density gradieni vottle, and a large drop of colored water was
placed on-it. fThe drop scemed to be attached at just one point where the
wires crossed, but it adhered very tenaciously. The plane of the screen was
then titled 50° and the drep was pushed with a pglagss rod. Consideirable force

scomed to be required to diclodge the drop.
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2. _Shape of Drops on Spherical and Cylindrical Surfoces

A liquid drop adhering to a solid sphere forms a spherical sepment,
and the contact angle is the angle between the radii of the sphefe and the
segment at the circular line of intersection. In GR 66-1, we showed that
the basic contact angle equation for a drop of water, w, on a surfacé, s,

submerged in fuel, T,
Tsr T Ygy = Typ C€OSO

is equally valid for a drop on a sphere as well as a flat surface. )

For the adhesion of a drov on a cylindrical rod, such as a fiber, the
geometry involved is highly complicated and no longer permits simple mathe-
matical solution (refs. 20, 27, 29). The conﬂact angles are not uniform
around the periphery of the solid-water interface (unless the rod is enveloped),
and the water—funl interface is not necessarily spherical. As a result, &
precise detcrm;u’+won of the interfac1al arcas for minimum surface free energy
of a given size drop on a rod of unit radius becomes alﬁroblem ol extreme
difficulty. Only when the drop is large enough and its contact angle is low
cnough will it evelop the rod and take on the symmetrical shape of an unduloid.

For the solid materials used in the ﬁresent work, the normal contact
angles are generally high (between 90° and 180°), so that the drops did nct
envelop the cylinders and retained a nearly spherical water- 1uc] interface.

The photographs of large drops adhering to copper, steel, aluminum,
and glass rods, obtained as described above, were analyzed. Testing with a
compass showed that all the drop profiles were indistinguishable from circles,
except for the axial profile of the drop on glass which began to show the
unduloid curvature as noted above. After carefully measuring the radii of
these circles and the distance of their centers from the axis of the rods,
the corresponding contact angles were calcu]atnd a3 indicated below. The
angles at the extreme points along the length of the rod (31de view) and
‘along its circunference (end view) arve denoted 6, and @5 respcetively. Iet
the radius of the xrud equél unity, and the radius of curvaturc of the drop
profile equal r, and the minimum distance Trom the CCJLtT of the drop to the
surface of the rod equal s. Then cos 6, = s/r and cos 92 =

11 + P - (1 +3)° //ar The value of ©; for the drop on glass was estimated

by drawing tangents. The observed angles were as Tollows:




Redius of curvature,

Dfop r, of drop profile Contant angles

Materiael No. (radius of rod = 1.00) _6,  _8p  0,-62
Alwninum 1 2.6k M6 115 31
steel 1 2.10 o 209 | \5\1 |

2 0.60 121 107 s
Copper 1 2.20 137 - 102 35

2 0.68 130 117 1%
Glass 1 1.90 BT 10 18 [

These data illustrate the fact that small dropé have a greater tendency\ﬁok
adhere to a curved surface than large oncs do -- as was indicated by the h
visual observations. Alcc, the difference betwecen the two contact angles
depends on both r and h. |

When-the radius of the drop is much larger than that of the cylinder,
the profiles resemble that shown in Fiﬁuro L. Values of 0, for suchhdfops

are given below in the section dealing with drop detachment.

5. Decrease in Free Energy on Attachmen’

For a drop of given size, the free cnecrgy decrease resvlliug from at-
tachment on a cylinder of unit radius will invariably have z value inler-
mediate between that on a {flat plate and on a sphere of unit radiung. This
fact suffices to give an adequate approximation for the cylinder. The cal-
culation of the relative water-fuel interfacial arcas and swrface Tree
cnergles wes detailed in GR 66-1, and the results are shown in Figures 5 and
6. 1In these figuves, Ay and A . are the wvater-fuel interfacial areas beforc
and after attachment, and -AF is the total change in surface free encrgics
at all three interfaces as determined by the contact angle.

From these figures, it is apparent that the attachment ol rclativcly'
large drop; causes very little change in water-fuel arca‘and total frec
energy, espécially on surfaces giving a high contact angle. On the other
hand, for relatively small drops the free encrgy of attachnent on a cylinder

must be close to that on a {lat plate.

18-




FIGURE L

FIGURIS OF A LARGE DROP ON NYLON FILAMENT
¥/ = 0,05 L/D=0.66

Side View

End View
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Figure 5
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Figure 6
RELATIVE DECRFEASE IN SURFACE FREE ENERGY
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b Deercase dn e buceriy on Conlescence

It ig obvious that coalescence of water droplels will invarisbly reosult
in a gubstantial decreasce in surfece free encrgyL The probability thatl coal-
escence will occur in a given gituation is therefore dependent on hydrodynamic
rather than thermodynamic congideratiors. Consider two spherical water drops,
surrounded by fuel, having radii r; and rp and total surface arca AO, that

coalesce to form a single drop of radius r and area A. As shown in CR 66-1,

Al — - 2 - sl
-AF = (AO - A) ')Wf,’ or -AF/Ag Yyp = 1 . r _ vhere
: ) Ty ro

r® = (r,° r23)2/3. For several values of rp/ry, the relative encrgy de-
creasces are as follows: ' '

T Ty r® 4+ xp® 2 =5 Aflr -ZXF/Adwa

1 1 2 1.587  0.h13 0.2063

1 5 - hlzot - 0.67% 0.1%46

1 26 25.13% 0.867 0.0%%%

110 101 100.066. 0.9%k 0.0092

Thuc, coalescence of two drops of equal size gives an energy decreasc of

angle. Coalescence of & small drop ﬁith a larger one gives a lower percent-
age energy change for the system as a whole; at the same time, as the next-
to-last column shows, the surface area of the smaller drop almost completely
disappears, so that from its viewpoint, the energy change is very high.

th% one drop coalesces with another drop already fixed on a surface,
«che resulting decrease in surface free-energy is slightly greater than if
the same drops had coalesced in the free state as deicwibed above. 1This .
assunes, of course, that the resulting larger drop on the surface spreads
in such manner as to minimize its free ehergy. The diffef@. 2 in favor of
coalescence with a fixed drop compared‘with a free drop is not large enough

A

to be of importance; it is the kinetic factors that are paramount in deter-

mining the growth of fixed drops.




71 _OLBERVATIONS TiLA FLOWING SUSPEEAIoN (G 65-%0)

1. Single Filement Obsorvation Cell

All experiments on individual Tibers used the ob'ervatlon ccll shcwn
at half scale in Figure 7. Here the fuel was rccirculated through z small
water cozlescer, a variable speed pulse pump, and a {lowmeter. The coalescer
was e smell chamber packed with fine glass Liber. The “Man-stat" ?lastic
punp delivered fuel at any desired rate up to 1200 ml/min. If this flow was
spread over the entire cross-scctional arca of the 4O-mm i.d. cell, the linear
Tlow rate in the ccll averaged 1.6 em/sec. If, preferably, the flow was re-
stricted to a 10-mm diametér‘atream, as indicated in Tigure T, the maximun
flow velocity became 25.6 cm/sec. The cell was normally operatcd at a flow
of 78 ml/min cr 1.65 cw/sec. This gave a laminar streamline from the fecd
tube to the outlet, surrounded by motionless, unclouded fuel.

The test filaments were illuminated by a spotlight‘behind one window
and were observed through the opposite window by a monocular microscope.
Por the drop attachment and growth study, 20 photographs were taken at inter-
vals in each run using 1/60- sec. exposufe of 35-mm Kodek Tri X Pan film; the
magnification on the strip film was 10X. A 220-p square grid in the micro-
scope provided a scale for size measurement of the adhering drops. The drops
in the fuel stream moved too rapidly to be visible. Ikor the detachment study,
the drop was photograrvhed with a Polaroid camerz at a magnification of 26X‘or
T9X. ’

2, Attahhmcnt and Growth Study

Filaments of 10 Lo 25 p diameter of cotton, uncoated . ‘glass, phenciy-

CThyirtd PLauo,j&yz““’”qnﬂ - 1v1chlor1ue, and 12“-97" fllamcnts of nylon,

pOlyeuhjlch, poiyﬂropylcnc,'and copper were usnn Tnesb weré drawn taut and
cemented cnto a frame as shown in Figure T, ﬁbuching at the point of inter-
section, Uspally the photographs were taken at 5-min intervals for 100 min;
in later runs, the first four pictures werc taken at l-min intervals and <he
final ones at 10-min intervals to giVe 100 min total.

The fuvel was undiluted Bayol 35. The fact that its'viscosity is some-
vhat higher than that of jet fucl was not obdectlonab] 2, since none of the
conclusions drawn would be altered thereby. In some of the runs one of the
following surfactants was added at a concentration of GO ppm: Santolene C,

AFA-., RP-2, Acrosol OT, Petronate T, Igepal C0-53%0, and Katapol PN-430.




FIGURE 4
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Also, Acrocol OF wan uned at I or 2 ppn.

Figwres 0-1% give a TCPTCSOJt WLive selection Irom the total‘cf 66 runs
made.  They show, in order, uncoated glass, polyvinylchloride, and 25-p nylon
in clear fuel, and nylon in fuel containing Suntolene C or Aerosol OT at 60j‘
or 1 ppn. In the latter two 1uns, the initial pirtures are ul IT-min intervals.

The direction of fuel flow is from rlgnt to left ': kel ﬁp;gcﬁ(i,ﬂ. f'rom bottom

to top of the £ili) owing to rcveruul it the mTCTOQCﬁpC. v ‘

Detailed visual examination oI consecutive frames in these and the other
photographs gave a good gualitative picture of the overall cnalescence process
For a closer examination and calculation of the rate of increase in size of
attached drops, enlarged posiﬁive’prints giving a”magnirication of 80X vere
made Tor a nuiber of the runs. The follow1ng conclusions were drawn.

' The relative ease of attachnent .of the flow1ng droplets onto the bare
filament surface was appraised gqualitatively by comparison of cor:uspondlng
frames in the several pbotographs. The rate at which the filamen®s became
well covered with attached drops ncar the start of each run was one good index.
Another was the ambﬁﬂt—bf filament left uncovered ncar the end of the run, as
a result of 1étcral coalescence of adjoining drops.

From these comparisons, it was concluded that in clear fuel the case of
adherence decreases in the following order; PVC > nylon>glass, cotton>rphenoxy
coating>>>>polyethylene >polypropylene>copper. In a special experiment usin
glass coated with silver or with an alkyl titanate, there was no adherence at
all. ‘ | |

Santolene C in the fuel had no marked effect on the adherence on cotton,

’glass, nylon, phenoxy coating, or PVC. With other surfactants,'the adherence

e B PN

MAO”:$>IEGP3L, KﬂtaPOl AOT, Petronate. The adherence on the other fOur surJ“”bJ"k

faces was similarly decreased by AFA- 1 and AOT.

Adherence on 26 and 125 p nylon appeared about the same. Reduﬂing the
flow rate one-half or increasing it threc fold had very little effect on the
initial adherence, except that the attached drcplets tcnded to be smuller in
size at the hlghor'flow rate.

It was not possible to determine with certainty whether small (3 p) and
large (%0 p) droplets were attached with equal rcadlnosy.-‘The indications
were, however, 171 the larger 10 %o 20-y. droplets. predmemirsted at the lower

flow rates. esult is entirely re as sonable vhen one considers the pattern
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of the fuel flow streamlines across the filament. The larger dropiets with
relatively high iucrtia have a much greater likelihood of m@llng‘the strong
impact against the surface that is required for adherence.

At best, however, only a very small fraction of the approaching droplets
managed to adhere, as the following rough calculations show. Assuming a flat
distribution curve of droplct diametcr‘from 3 to 30 ., the mass mean diameter
is equ‘l to ((1/“7)‘f‘0 an) /2 = 19.6 i, and the weight of this mean drop

%.9% x 1672 . A‘ a concentration of 890 ppm or 6.9 x 10% g/ml in the
fuel, and a fuel f‘ow Jc10h1+y of 1.65 cm/sec, the droplet delivery rate was
1.7% x 107 droplets per minute per em? of cross-sectional area of fuel flow.
The corresponding area of.a l-mm length of 25 | filament is 2.5 x 10”4 em®,
Then the mumber of droplets anproaching that area_was 4250 per mihute. But
the number of attached drops observed on 1 mm of ‘filament in the first 5-min
frame was only about 40 on PVC and lé on glass.? Even if 5 or 10 times as
many droplets adhered to form the drops visible in the photographs, it is
evident that less thanvl% of the closely-approaching droplets becawme attached.

The adherence and spreading on nyl=n in the presence of the four power-
ful surfactants was not anticipated from the flat-plate contact angles. With
50-60 ppm of Katapol in the fuel, the value of e,ﬁas 130° but the angle 6,
on the filament was extremely low. Igepal, AOT (ét 60 ppm), and Petronate
gave similar behavior on the rilament (See Figure 12). There was only a
slight tegdency for drops to remain fixed and grow. Instead, they would slide
along the surface in the downstream diréction (despite the slight angle of
inclinatibn); Figure 12 clear)y shows the difference between the advancing
and receding angles cf the drops. Alternatively, the drops might grow to some
extent, then drain away in a liquid film on the filament surface. ‘

In view of this behavior, it was not possible to make any quantitative
aprraisal of the ease of adhcrcnce of the droplets in the fuel containing
these surfactants. The tctal amount of attached water visible in the photo-
_graphs vas histinctly less with the four strong surfactants than it was with

Santolene C, or AOT at 1 ppm, or clear fuel. However, much of the attached
water may have disappeared from view bybdownstream travel or drop detachment.
Tho growth of drops by coalescence occurred both by impingment of drop-
. lets from thie fuel stream and by lateral co&leséence of edjoining drops. The
rates of growth by accretion fiom tﬁe'fuel were computed as follows. In the

- 80 enlargements,individual drops were selected that appeared to have had no
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growth by lateral coalescence. Their apparent diameters in.consecutive
frames (usuelly frow 5 £o 20 ma on the enlargement) werc measured under a
magnifying glass to the nearest 0.1 mm and were piotted against time. Gen-
crally, straight lines were obtained. Occasionally there was' an abrupt in-
crease in diameter during a 5-min interval, undoubtedly caused by a lateral
coalescence that could not be seen in the photomicrograph. The slopes of

selected straight lines were:

Filament " Drop diameier increatse
material Fuel w/min x 100 _
cotton © clear 87, 119 e T :
glass “clear’ s, 712, 90, 90 i-i .
" "+ San. C 50, 113 - I .
nylon clear 68, 93, 99 -
"owe clear 8l+ 91T
" 4+ San. C 95 N Col

Obviously, individual drops on the same surface grew dt-soﬁéwhat dif-
ferent rates. This was ascribed Lo their location wx{:.f;spect to adjoining
drops and to the filament, and the consequent local variations in the fuel
Tlow streamlines. Jn one instance, a drop attached to a stray fw;er on the
downstream side of the filament grew at a rate several times as great as
normal, perhaps because of a local vortex effect. On the whole, however,
the growth rate wvas essentially uniform for the different filament materials

and fuels, the average rate being about 0.9 H/mln. A -
. Thué, if dp/dt is constant, it follows that the volumetric growth fate, 
(w/6)dD3/ét, was proportional to D® -- that is, to the drop area exposed to
the fuel strcam. This seemed‘:easdnable.

It was immediately evident that only a small fraction of the fuel stream
drcplets that came into proximity to the attached drop ever ccalesced wnth it.
This is in accord with the large- scale observatlon° prevnously reported, as
well as WLLh_an abundance of the information in the literature. If a droplet
in "proximiiy" be deflined as one in a cylindrical element of the fuel stream
of diameter D equal to that of the attached drop, then the rate of approach
of proximate dréplets, under standard feed and flow conditions, was (6.9 x
107* g/m1)(1.G65 em/sec)(xD®/h en®) = 9.0 x 10* D7 g/sec. And if ap/dt =
0.9 p/min, the mass growth rate of the attached drop was (r/6){(%D2)(0.9 x )
107) (1/60) = 2.3 x 107° D g/secc, or only 0.25% of the approach rate. Clearly,
most of the oncoming droplets were swept past the attached drop in the fuel
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streamlines, or elee struck and bounced awey from it.

Laterua coaluscente in the thzonze of surfactants evi Fdontly ooowrrads
only when an oncoming droplet in the strcam became wedged between closcly
adjoining drops and acted as & bridge between them. This was favored byfa
Jow contact angle, as on glass and 125-p nylon, where the terminal pointsvof
attachment of the adjoining drops along the lcnéth of the filament were closc
together. In general, this growth rate increased with increase in fuel flow
rate and with decre dbL in filament dlamcter.

--With surfactants in the fuel, a vavlety of growth patterns were obser-

Jved an?éjﬂ nylon. Santolene C end 1 ppm AOT had no marked effect. RP-2
gave a somewhat lower rate; AFA-1 gave a very much lower rate w1th 11tt1e or
no lateral Coalcscence. The AFA-1 had the same 1nh¢b1tory action on glaos
and phenoxy coating as on nylon; however on PVC the adherence was good and
the gvowth rate was not so greatly reduced. .

The more powerful surfactants, as shown in Figure 12 (page 60) had an
ebnormal effect. The small attached droplets evidently slid along the fila-
ment until they reached a favorable point, usually at the intersection of
the filaments, where they coalesced to form a large drop. Because of the
low adherence rate, tﬁe total émount of water accumulated was small. More-
over, the large drops thus formed were very readily detached in comparison
with normal drops. With 60 ppm AOT in the fuel, an exactly similar behavior
to that on nylon was observed on glass and phenoxy coating and even on tﬁe

cottom fllament h : T

One .matter of interest was a contamlnatlon of the equipment that occur-
red during one stage in the program. This was nouvworthy,.not only because

of the interesting phenomena that it produced, but also because it suggested

the possibility‘that interaction between different types of surfactants may

~ have profound effects.vahe contamination occurred after a series of runs with
various fuel additives and it persisted for 11 consecutive runs, until finally
the entire\Tuel loop was dismantled and chemically cleaned. - Thé oBééanble
effect was a formation of increasingly-larger water dropléts from tﬁgrair—
vapor stream at the uppér surface of’the fuel. reservoir.. Instead of a maxi-

- mum diameter of 30 ., the droplct size increased to hundreds of mierons. This
was indicative of an increase in ;nte;ﬁqcial tengions, which is not explicable
on avy cvident basic. Moreover.”in 6ﬁe'of'£héég defeétive runs, the 1arée
droplets that became attached to the filament were seenl to be of the "grape"

type, containing many small fuel dreplets within the water drop.
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2. Detachment Study and Contact Angples

An extensive series of observations was made to debermine the fuel flow
rate required to deta~h a drop of given size from a given filament. '

The same obscrvation cell andlfuel flow loop was used, but there was no
coutinual water fecd. instead, before starting the fuel flow;“a single rela-’
tively large drop of water was placed on the filament and phctogravhed at 26X,

Then the fuzl pump was turned on at a low rate. With the drop under
visual obscrvation, the fuel flow rate was gradually increased until detach-
ment occurred or until a rate of 520 ml/min (seven times standard) was reached.
The fuel was Bayol 35, clear or with 60 ppm Santolene C. In one group of runs
with Santolene C, the drops were equilibrated for 5 to 15 min with the fuél at.

a low flow rate, belore mecasuring the detachment rate.

R

In addition, a sct of measurements of only thé~drop dimensions aﬂd éon—
tact angle was made at the higher magnification of T9X. | ,’

Six different filament matéfials were examined,veach at two or more dif-
ferent diameters. Overall, the drop diameters ranged from 3'to 100'timés the
Tilament diameter. Usually a single, horizdﬁfél:filament was used. A Tew
observations were made with inclined or verfical filaments, or with the drop
placed at the intursecﬁion of two crossed filaments. Tables 13-16 give the
data oblained. ’ ‘ A

Consider first the shape of the drops. In the vicinity of the filament,
the drop shape visibly departed from the spherical, as illustrated above in
Tipure hnf Nevertheless, an entirely adequate definitiod of the shape was
arforded by the {wo dimensionless ratios, F/D and I/D, where T and D are the
filament and drop diameters and I is the axial length of attachment. For a
given filament material and a given fuel, the relation betweén F, D, and L
was shown by simply plotting L/D'vs. F/D, as described in GR 66-30. These
ratios could be correlated with the flat plate contaét angle as shown in
Figure 4. |

It isxevident_that this plot gave a very satisfactory correlatién be-
tween F, L, D, and © over the range of iﬁtefest'frpm 60° to 150°. At values-
of © higher than that of PVC, the curves all must fall‘abruptly fo L/ﬁ =0
at & = 180°. The photographs of dréps on thé two polyblefins were inadequate
to define this rcgion, but this is not of practical interest.

This corre]atiqn has onc conscquence of considerable practical import-

ance. It implies that any material available in filament form can be directly
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PARLE LY
1[\

FLOW RATE REQUIRED FOR DROT DI ACTIGIFL TN CLEAR BaYOL

Lengths arce given in microns. Wlow ratces are ml/min
/ . . . . Y.

{100 ml/mln = 2,12 cm/sec lincar rate); * indicates
ne detachment at 5%0 ml/min.

Filament Filament Drop Attachment Countact Detach.
material  dism. T diam. D length T, F/DL/D angle 6; flow rale
cotton 19 845 -- 0.022 - -~ *
oly 606 ‘ .020  0.G4  129,1%0 hiro
1110 670 .017 .60 13%0,1%2 Lo
1150 66% .016 .58 132,133 3ho
glasgs 15 L20 2751 .036 .55 130,133 ¥
576 277 .026 48 1ka ko L60
e 769 3% . .020 4% abl ak6 360
S 962 hos = 016 k2 143,346 310
27 724 -- 037 -- -- *
871 -- .03%0 -- -- L350
9% . 708 .028 L7600 118,122 290
1025 689 . 026 67 125,125 %80
1125 883 .02 S8 117,121 360
phenoxy- 11 648 pho. 018 .37 149,151 260
coated 678 280 Nk A1 150,147 310
glass 928 2kl .012 .37 148,148 h1o
970 307 - .012 .52 152,149 220
23 576 o292 - .0%3 .51 - 530
T35 420 .0%31 5T 136,134 510
818 428 .028 .52 140,137 420
932 bl .02k .51 140,138 310
1230 489 - .018 ko 1h9,1hk7 280
nylon ' . 26 636 k36 Lok2 .68 128,125 *
, 750 Le6 .035 62 129,133 480
894 181 .0%0 5k 1%9,1k0 k1o
o7 553 .027 5T 134,137 590
1100 606 .02h .55 13h,1%5 380
42 s dge 055 .65 -- *
883 58% LOhT .6 127,126 480
1125 739 037 66 126,127 - k1o
133 1480 1155 .09C .78 -~ . ¥
PVC: 15 564 217 .027 k9 139,143 520
. 670 250 .022 .37 1h9,149 © 390
708 258 - .021 .36 148,150 370
ol7 307 - .016 .32 151,152 280
992 L ~.015 Jdi2 akh s h2o
poly- 300 902 - 318 . 332 .35 161,159 ¥
ethylenc 958 280 512 .29 157,161 450
1120 273 2hs 22 165,16% 290
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TABLE 14

FLOV RATE REQUIRED FOR DROP DETACIHMENT TN
BAYOL CONTAINING 60 PIH SANTOLEHE C

Lengths are given in microns. Flow rates are ml/hun
(100 ml/MLn = 2.12 cm/sec lincar rate); ¥ 1ndlcatc°
no detachment at 5%0 ml/mln

Filament  Filament Drop Attachment “ Contact Detach.
material  diam. F diam. D length L ¥/D L/D angle 8; - flow rate
cotton 13 Lok 95 0.03%  0.22 - . 250
468 11k .027 2 156,157 230
15 582 203 .026 .35 158,15k 220
glass 9 L7 139 .020 .31 159,158 260
614 25% .01k A3 ak7,1hs5 2%0
709 291 .012 L1 1k6,146 190
%0 582 506 .05k .87 109,111 *
28 798 658 .0%5 .83 115,11k 420
32 829 658 .0%8 .19 116,117, - Loo
27 1100 T2 024 .70 135,11k 330
phenoxy - 13 549 152 .028 .28 151,152 220
coated 563 158 . .022 .28 65,165 220
glass 646 241 .020 .37 270
734 291 - .o17  Lho 1&7 1&9 230
861 266 .015 .31 )),15u ' 200
23 Lok 329 .0l6 67 126,125 500
791 . 399 .029 .50 -1ko,1k0 300
975 L2L .02k L4 k1 ,k3 250
nylon 10 500 203 .020 O 149,150 340
8ok . 316 .012 .39 146,148 280
1060 228 .009 .22 159,159 160
1070 30k .009 .28 153,152 170
26 487 291 052 .60 134,133 k00
810 Li3 .031 .55 134,135 330
1100 519 023 L7 139,140 220
€10 284 oLl L7 1ko,1lbs 350
(1) 758 375 035 .50 1b1,1h0 300
: 008 500 .025 5L 134,135 250
L, 1000 kss .026 A5 137,1%9 230
572 352 Notd L2 135,129 430
(2) 82¢ %26 .03%2 .39 145,148 260
955 Lt .028 .50  138,1ko 220

Continued on next page.
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TABLE 1M — Continued

Pilament  Filament Drop Attachment Contact Detach.

material diam. F diam. D length I, F/D * L/D  anple 01 Tlow rate
nylon 261 I ' 101 67 - 390
: L62 265 .05 .5 136,139 290
572 288 .0h6 .50 136,1k0 250
(%) < 192 357 033 Wbz k6t 220
795 ko5 .033% .51 136,138 200
850 b