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SUMMARY

Many fuels when mlxed with small quantitles of water
form an emulsion of water in oil, This water frequently
originates from condensation, water-washing treatments or
pumping operatlions involving water displacement method. The
water in oil emulsion 1is usually obtalned by pumping the two
components through pipe lines during routine storing and re-
fueling operations. An experimental procedure for analyzing
the various degrees of emulsification of fuels has been used
+n {nveatigate the many varlables which may enhance this
emulsification tendency., The procedure includes the use of
a Klett-Summerson Colorimeter to measure the light transmission
of a turbid emulsion. The term, degree of emulsification, as
used in this report describes the dispersion of an arbitrary
gmount of water in fuel as measured by the colorimeter. The
colorimeter readlng, thérefore, not only reflects the particle
gize distribution of the water put also the amount of water
dispersed. Also, the stabllity of the emulsions of different
fuels 1is described by taking these colorimeter readings at
different time intervals after the initial emulsificatlon.

From the recorded data, the term Fmulsifying Factor
(E) has been related to the five-minute ﬁlett—Summerson
Colorimeter readings (K) of the various fuel samples emulsle
1ed with water. This relatlonship is:

Tog(K) = »00397(E)
where E, the Emulsifying Factor 1s a function of the Volume

Average Bolling Temperature of the fuel and the Interfaclal

Surface Tension between the fuel and water. The impqrtant
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variables which may enhance emulsification are discussed and
finally, the above relatlonshlp was used to compare the cal- ?
culated and experimental Klett readings of several industrial
golvents snd fuels not considered during the correlation of
the above relationshlpe

The above correlation permits‘a dependable predictlion
as to the degree of emulsificatlion of many fuels, from gasolines !
to diesel oil, with water. This prediction may be further
appllied as a gulde to the present performance of coalescing

filters used to break these type emulsionse
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INTRODUCTION

Opposite the fact that hydrocarbon emulsions have such
o wide application 1s the problem of removing the water from
certain hydrocarbon emulsions in which the water is the dispersed
phase, Many gpplications of fuels and solvents cannot tolerate
the presence of waters. Decanting operatlons £ail as soon as the
fuel or solvent becomes thoroughly mixed with water durlng routine
operationse Before the problem of geparation 1s considered, the
various fuels end solvents must be considered from the standpoint
of emulsion tendencles with watera

A procedure has been devised to measure the degree %o
which the varlous fuels and solvents will emulsify with watere
Considering the gituation and origln of the water which may
possibly be present, the analysis was pased upon studylng &
mixture of fuel and water, the amount of water to be 3% by
volume. Therefore, 2 water in oil emulsion 1s almost forced as
a result of the relative amounts of the two components present,

This mixture 1s blended for ten seconds in a Warlng
blendor and 1ymediately analyzed using a Klett-Summerson
() v i ser To measure the psrcent light transmission through

LA

the emulsified mixture. The me asurements are continued for a

time lapse after the 1nitial mixing and a settling curve ¢ an. be

deseribed for each fuel analysise Several runs of each fuel are

made to insure reproducible results, It 1s surprising to note

that reproducibility was easily obtained using this procedures

Neturally, consistency and accuracy of 1aboratory techniques

i1s of extreme importance during the{gnalysis.
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(% The inltial consideration of jet turbine fuel end water

- emulsions has led to the inclusion of fuels which range from

gasoline to gas olls. The jet fuel blends seem to lie in the

middle of this range. If we consider the fuel range to bez
Gasoline

Kerosene
Gas 0ils (Diesel Fuels)

then our jet turbine fuels fall in the kerosene grouping. Thls
fact 1s also brought out when we consider the emulsifying tend-
,h encies of these fuels,

r— . Suppose a typical sample of each fuel given above are
plotted with the Klett readings as the ordinate and the time
lapse after emulsification as the abscissa. The results of this
plot are shown in Figure 1o Thus the wide spread of the emulsi=
fying tendencies of these fuels must be the result of some 1
variable or variables which are characterlstic of the varilous |
fuelss The total volume of the fuel and water mixture which was
analyzed was 100 milliliters, therefore only 3 milliliters of

water was used in making the emulsions., In the case of the

diesel oill and water emulsion, about 1.5 milliliters of water §

smmediately settles to the bottom of the blendlng jar after

mixing. When the gasoline and water was mixed aboub 2,5 milli-

The increasing emulsifying

1liters of water 1mmediately settlese

characteristlcs are the result of a greater volume of water

i belng dispersed in the continuous phase of fuel. A microscopie i

;ﬁ inspection of 2 1gboratory emulsion of jet turbine fuel and water

revealed water particles which renged from 20 microns to 6 mlcronse ﬁ

The ocular spacing was 6,35 microns for each space and very few |

particles were geen which seemed to be less than one Space in

diasmeters
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1 3ince the initial problem was concerned with jeb turbine

- p fuels and their emulsifying tendencies, the various refineries é
were contacted for samples of these fuels with sn inspectlion
report for each sample of fuel, The response was outstanding and

a very complete collection of jet turbine fuels was obtalned from

yarlous refineries within the countrye Later contacts were made 1
i for samples of gasolines, dlesel fuels and kerosenes also accome ﬁ
panied by a refilnery inspection reporte Table I 1ists the fuel
samples obtained together with the lmportant inspection data
[ furnished by the refinery along with the fuel samples. These

fuels were analyzed according to a procedure as outlined in this

SR

report under Experimental Procedure. The data was recorded and

e e

gimultaneously inspected for any possible correlation between the

o

chemical and physical properties of the fuels and the emulsifyling

o D e g S
PR R

characteristics of the fuels and water, Table IT 1lists the more

important data which were recorded as a result 6f the analyzing

proceduré and the accompanying inspection report of the fuel.

One of the flrst important variasbles studied in this

Sy et g B s

problem was the interfacilal surface tension between the fuel and
the water. As 1s known, this tension, acting as a contractlle

force, draws one of the components of an emulsion system into a
series of spherical droplebs and separates an intimate mixture

of two immiscible liquids into two single phases separated by the @
smallest possible interface (1), This means that the higher the
value of the interfacial tenéidn the greater 1s the tendency for
small droplets to agglomerate with resultant decrease in total ]

surface. The greatest emulsifying tendency would be expected in

gystems exhibiting interfacial tenslons spproaching zero, in
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: R e ﬁ% TABLE I (cont'd.) ﬁ
Jg EES g g © [ 8 d g R a i
g 0 | ] ] 3 3 1 7 7 0 )
i Fuel &&4 Ry Ry Ry B Ry Py Ry Py Py
: M m . M m m m m m m Mmoo
1 Sample No. s 10 11 12 13 14 15 16 17 18 :
| Gravisy,’APL 45,9 57,2 55,0 50.6 £7.3 S7.l 58.3 57.5 8.0 471
1 Exist. Gum fe e 0.8 3,1 5,9 == == 0,3 20,3 == :
: (mg/100 ml)
1 Viscosity 1.75 0,73 == 1,35 1,41 == 0,67 0,95 1.54 1.62
1 (centighokes
1 et 70°F)
| Aromatics % 04,4 25,7 14,8 23,7 19,8 2 23,9 8.4 21.0 25.9 f
i Olefins % e mm 1 7 1.8 4,7 e= == 0.6 365 - |
é Distillation i
| IBP °F 141 162 125 131 126 132 150 135 124 139 15
) f 5% Evap. 209 185 184 192 186 156 174 20l 185 169 !
; 10% oo 191 217 222 215 165 178 223 227 183 f
% 20% 052 108 252 262 257 192 184 252 284 208 ”
. ,g 30% 095 203 280 295 202 230 189 270 328 249 f
k 40% 100 207 Bl6 327 333 412 192 287 565 325 !
‘ 507 434 211 358 356 370 441 195 307 388 375 A
- ; 60 % w916 391 382 402 450 200 324 404 403
E 70% 156 228 418 407 425 459 204 339 42l 430 E
" 80% 160 B2 447 436 446 473 218 356 442 458 g
| 90% i92 449 483 476 470 502 424 383 4TE 489 %
| 95% s13 475 515 509 492 529 463 418 500 511 %
f ‘% FBP ssg 502 547 542 532 539 479 513 522 O !
| | moss ¢ 0.6 0.3 0.8 1,0 Ll 0.8 0.8 0,5 0.5 0.3 i
- gf Resldue % 0.4 0.7 1 L1 09 Ll 1.2 1,0 0.2 10 %
i :
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! ] TABLE I (cont'de) 3
,1 a g 'i.:
4 q o CI 3 D B
s e H 3 0 = I
A « O fry ] ]
3 HPuw 5 & A &
o< o o ok ocor
4 ) H 0 XE) L0 _
Fuel L) o on ) o o0
P g —Hrd O ™ foa) % &4
: egs £8R  §F fam i
: S g-p N84 5 5 = r
: Ao o A An A J
Sample Noe. 29 30 31 32
: Gravity,OAPI - - - -
Exist, Gum - - - -
Y (mg/100 ml) |
\ Viscosity 27,3 35,6 32,6 29,1 ;
; (SUS at 77°F) i
Aromatics % -~ —— — o :
; Olefins % - - - - i
5 )
| Distillation |
IBP °F 106 352 340 316 ]
5% Evap. - - o= - - - ‘(
10% 162 404 384 328 i
20% 183 432 398 329 i
0% 198 454 410 530 E
0% 208 470 420 332 !
: 50% 217 486 430 336 :
; 60 % 222 502 442 338 1
; 70% 230 514 456 343 !
] 80% 235 536 471 346 Q
: 90% 250 560 472 358 :
;f;‘ 05% - - - -- |
;; i FBP 297 570 480 386 ]
fj 1 Loss # 2,45 1.1 0.7 0.4 ’
: : 4 Residue 7 1.3 2,9 4,3 L.l )
ll '5:;;:1" - . ‘
;‘ A Refinery reported Dupont No, 22 additlve added to fuel
Lo | - , 4 - | . B Refinery reported Santolene "C" added to fuel

N




Fuél Sample

Noo. from

Klett Readings
at Time Lzpse

- 11 -

TABLE IT

Interfacial Sur- Volume

e

g

Average Fuel Avg., Avg. Mean

faco Tension (¥) Boilir Temp. Mole W Boi
Table I 0} 5 10 15 20 25 (dynes/cm) ©.5) P ° e TZ;%%?gF) Note s
. Min Min Min Min Min Min T

1 120 92 91 79 69 63 41,1 4.6 168 420
2 102 72 55 54 45 40 27 e 1 332 130 311
3 170 113 103 80 72 63 21.5 361 134 330
4 82 53 40 32 23 22 3569 302 123 28%7
5 118 81 61 47 38 29 34,7 316 128 304
6 84 47 39 30 26 23 31le 6 202 1gl 284
7 60 40 28 21 17 14 317 301 107 237
8 105 69 53 45 38 33 217 218 124 289
9 275 174 134 115 93 80 22:5 >75 142 350

10 102 57 39 29 20 17 20,6 73 118 265

11 170 102 81 €0 50 44 21,0 &1 133 313

12 123 81 863 48 4&< 35 22,0 &9 133 319

13 133 89 69 50 38 30 2263 350 129 312

14 159 114 103 84 77~ 68 15,5 361 132 307

15 44 26 21 12 10 7 35,1 250 1l 248

16 50 35 24 18 13 10 3E02 308 126 28%

17 572 460 338 230 182 152 18,8 359 138 334
18 117 76 60 44 36 28 3242 345 124 300

19 34 28¢3 239

20 402 21,1 503

21 98 3965 427

22 178 24,7 427

23 23 3501 215

24 23 3504 £23

25 262 3463 479

26 103 39,6 420

27 244 2803 280

e« b i e




b i TABLE I (cont®d.)

g

: !

o )

" | 59 89 q G
1 A I R S
A f Do £ F 5
! o< d 0 ok 00
g O L 0 e £ 0
Fuel oo S 0w @ o o Q0
i g H 0O — = E &
E oo O Ped 0o 0O®
f 587 387 8§ 37
P Ans Ana &0 &
f Sample No. 29 30 31 32
; Gravity, APT - - - -
; Exist, Gum —— - - -
i (mg/100 ml)
E Viscosity 27,3 35,6 32,6 29,1
i (SUS at 77°F)
f Aromatics % - - - -
'% 0lefins % - -- - -
| Distillation
. IBP °F 106 352 340 316
é 5% Evap. -- - - -
?i 10% 162 404 384 308
| 20% 183 432 398 329
: 30% 198 454 410 330
it
" 40% 208 470 420 332
; 50% 217 486 430 336
E o0 b 222 508 442 358
: 70% 230 514 456 543
" 80% 235 536 471 346
:
i 90% 250 560 472 358

p 054 - e e

‘ i

f F FBP 297 570 480 386

f gg Loss % 2,45 L1 0.7 004

x ]

3 % Residue % 1e3 2,9 4,3 1.1

1 \ & :

1 Q i

‘f * ; A Refinery reported Dupont No, 22 additive added to fuel

B Refinery reported Santolene "C" added to fuel

SR ]
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; TABLE II
i Fuel Sample Klett Readings Interfacial Sur- Volume Average Fuel Avg, Avg. Mean
No. from at Time L=zpse Lface Tension (¥) Boilir - Tempo. Mole Wt, Boilin
Teble I O 5 10 15 20 25 (dynes/cm) < 5y Temp.(OF) Notes
Min Min Min Min Min Min T
1 120 92 91 79 62 63 41,2 4.6 168 420
2 102 72 55 54 45 40 27 e 1 332 130 311
3 170 113 103 80 72 63 21.5 361 134 330
4 82 53 40 32 23 22 3569 302 123 287
5 118 81 61 47 38 2°© 34,7 316 128 304
6 84 47 392 30 26 23 31l.6 302 121 284
7 60 40 28 21 17 14 Ble'7 301 107 237
8 105 69 53 45 38 33 21,7 3218 124 289
9 275 174 134 115 93 80 2205 &75 142 350
10 102 57 32 29 20 17 2066 e73 118 265
11 170 102 81 €0 580 44 21,0 219 133 313
12 123 81 63 48 42 395 22,0 &9 133 319
| 13 133 82 69 50 38 30 2203 3550 129 3l2
| 14 159 114 103 84 77 €8 1565 361 132 307
E 15 44 26 21 12 10 7 35eL 250 112 248
: 16 50 35 24 18 13 1 38,2 308 126 289
t 17 572 460 338 230 182 152 16,8 359 138 334
18 117 78 60 44 36 28 3262 345 124 300
.19 34 2863 239
20 402 21,1 503
21 98 3965 427
22 178 24,7 427
23 23 3501 215
24 23 3504 223
25 262 3403 4279
26 103 3266 420

27 244 2803 £80
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TABLE IT (cont'd.) Iz
F
Fuel Sample Klett Readings Interfacial Sur-~ Volume Average Fuel Avg. Avg. Mean '3
No, from at Time Lapse face Tension (¥) Boiling Tempe Molec Wt, Boiling {
Table I O 5 10 16 20 25 (dynes/cm) ( °F) Temp.(°F) Notes 3
. Min Min Min Min Min Min b

28 111 3966 414
29 16 3760 210 :

30 299 2562 480
31 200 2508 428 i
32 75 33 el 340 §
Texaco i
Kerosens 171 123 107 100 93 89 40,65 - - - (1) '
Shell "
Kerosene 177 122 111 101 95 90 3662 - - - (1) f
Note 1 - This fuel meets British Spec. No. 2482 DERD, no inspection report accompanied j
these fuels %
r
i
{
!
|
{
\;,
+
'

S
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which there would accordingly be¢ no tendency for the droplets to
merge with resultant decrease in surface,

Consideration of the above theory was made by investi-
gating the results of adding to a sample fuel long-chain primary
and secondary amines which would vary the interfacial surface
tenslon, The results showed that although the value of the
interfacial surface tension may be decreased to almost one-fifth
of its original value, the emulsifying tendency was only
moderately increased. Again, the results also indicated the
difference between straight-chain and branched-chain stabilizing
culmipowids which may be present in the fuel and enhance the
emulsification,

TABLE III

FUEL USED: Socony-Vacuum Jet Turbine Fuel JP-4
East Chicago Refinery, Indlana

*AMINE ADDED 5 (dynes/cm) Klett Rdg (5 minutes lapse)
None 31,6 47

ARMEEN 10D(1.66 gm/1) 6.0 110

ARMEEN 12D(1.95 gm/1) 640 117

ARMEEN 16D(2.50 gn/1) 6.0 130

ARMEEN 16D( 5.0 gm/1) 547 138

ARMEEN 2C(4,50 gm/1) 18,2 137

ARMEEN 2C(2.,00 gm/1) 16,9 118

ARMEEN 2T(5.30 gm/1) 2546 240

ARMEEN 27(2.00 gm/1) 21,0 140

%See Appendix for ARMEEN composition

A further condensation of this topic and the data of Table IIT
are included in the Discussion of Results of this report., But it
should be understood that the theory of lower interfacial surface
tensions producing greater emulsifyling tendencies does not always

hold., It is certain that the molecular structure of any agent

present in the fuel which may enhance emulsification plays an
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'E important part 1n the degres to which a fuel and water will
2% emulsify.

The interfaclal surface tensions were measured over the
range 0°C to 60°C and no significant influence of temperature on
the values of the interfacial surface tension was noted, Several
é of the systems were also studied with regard to the influence of
mutual saturation., No significant effect was observed on the
interfacial tenslon whether the constituents were brought in
contact without mixing or were adequately mixed to assure mutual
sgturation. Along the lines of interfacial surface tension it
shouid be mentioned that the spreading coefficient and work of
adhesion were calculated for several fuels but bore no observable
relationships, Of course, these two properties are a function of
the fuel and water surface tensions measured in air and their
interfacial surface tension. Thus no new conslderation was being
made when the spreading coefficient and work of adheslon were cal-
culated, They have been proposed by theoretical workers In the
field, but seem to offer no help here. The interfaclal surface
tenslon (X) as used in the final correlation of data was that
value as measured by a DuNouy Tensiometer between the fuel and
water at 30,0°C,

In the case of the fuels studied so far in contact
with both pure water and synthetlc sea water, the interfacial
surface tension does not accomplish complete correlation with the

light transmission characteristics as measured for the emulsions.,

There 1s a clear indication that lower values of the interfaclal

tension do occur in those systems which form the more stable

emulsions, The imperfect correlation does not weaken the indicatilon
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that interfacial tension is one of the major factors, but is a
consequence of the fact that there are other factors which must
be recognized,

Among the other important varlables which were studled
and are discussed are viscosity, existent gum content, density
and fuel additives. The effects of the above variables as found
during this investigation range from negligible to very important.
Indeed, it was found that fuel additives can Dbe the most important
single variable in studying the tendencies of fuels to emulsify

with water., Those additives studied and believed to be completely

typical included:

Santolene "C" Monsanto Chemicel Co,
Dupont Fuel Additive No., 2
Ionad 17 Shell 0il Cooe

The study of fuel additives was not nearly exhausted on the basis

" that the many other major effects, due to the fuel's physical and

chemical properties, were complicated enough without introducing
a new variableo

Finally, after a thorough and complete search of the
variables which may enhance the emulsification of fuel and water,
a correlation was made between the five-minute Klett Reading (K)
and the Emulsifying Factor (E), This emulsifylng factor is a
function of the volume average boiling temperature of the fuel
and the interfacial surface tension between the fuel and water,
A fairly dependable prediction may be made concerning the fuel's
tendency to emulsify by using the calculated relationship.

The five-minute Klett Reading rather than the initial

reading is chosen because it 1s considerably freeer of the un-

certainty of the operator's consistent speed in transferring
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the emuision Irom the mixing vecsel into the measuring instrument.

It retains the greater indication of emulsification characterlstic

of the early perlod and is considered a much safer criterlon than

E the initial reading,
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EXPERIMENTAL FROCEDURE

The degree to which fuel and water emulsify was deter-
mined by measuring the light transmission through the turbid
emulsion with a Klett-Summerson Colorimeter. The followlng pro-
cedure was used during this investigationt
APPARATUS: Klett-Summerson Colorimeter Model (Glass Cell)

Blue Filter (No., 42) for colorimeter

Solution Cell, 10 mm wide for colorimeter
Reduction Plate, 7.5 mm wide for solution cell
Waring Blendor

Constant Temperature Bath at 30,0°C

Stop Watch

The colorimeter instruction book outlines the general
procedure for turbidimetric analysis and this procedure closely
follows the instruction book outline,

After the colorimeter galvanometer has been adjusted
to the zero reading and the ingtrument has been turned on for &
few minutes, the clear fuel under investigation is used in the
solution cell with the reductlon plate to adjust the instrumenf
for a zero reading for the clear fuel, The 2.5 mm solution
depth enables the severest emulsions to be analyzed with falr
accuracy., Once the instrument has been adjusted using the clear
fuel, it 1s ready for reading the percent light transmission
through a turbid emulsion of fuel and watere

/

A mixture of 1OQ1cc of fuel and water (3% water by
volume), both at the test ﬁémpg;ature (S0.0°C), is poured into
the Waring Blendor and mixed for 0 seconds, After mixling, a
portion of the emulsion is immedlately poured into the solution

cell with the reduction plate and a colorimeter reading is taken,

The stop watch used to time the Waring Blendor mixing 1s allowed

to continue to record the time lapse after emulsification., After
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the Initlal reading 1s recorded, the solution cell is placed in a
constant temperature bath (30,0°C) until it is time for the next
reading, Colorimeter readings are taken every 5 minutes for 25
minutes.s The solution cell is returned to the constant tempera-
ture bath between all readings., A thermometer may be used to
record the Initial temperature of the fuel and water emulslon in
the Waring Blendor after the test portion has been removed and
inserted in the colorimeter for the initial reading. Three runs
are made for each fuel under investigation so that reproducible
results are obtained. At times, more than three runs may be
necessary in order Lo obtain cnecking resultse

The recorded data should incliuds:

EXAMPLE:

MIX TIME EMULSION TEMP, TIME LAPSE KLETT RiADING REMARKS

10 sec 28°¢C 0 min 160 Reading unsteady
5 min 142 Reading steady
10 min 119 " "
ETC, ETC.

A plot of Klett readings versus time lapse may be made to ob-

serve the Initial degree of emulsification and the settling rate

of the emulsion, This plot gives some indication of the stabillty
of the emulsion., Of course, for experimental purposes, many vari-
ables may be changed, for example, mix-time; quantity of water;
total volume of mixture; etc, Figure 1 represents the initial data
taken for the formulation of this procedure for various fuelse

This procedure as outlined has given reproducible results after
extensive experimental investigatlion and should be closely ad=-

nered to so that the emulsion technology may be investigated on

a sound basise
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The interfaclal surface tensions between the sample
fuels and water were determined by using a DuNouy Tensiometer,
This ringemethod determination of surface tension presented no
difficulties in measuring interfacial tensions., The proper
correction for the ring was made for all readings. All deter-
minations were made at 30,0°C and several fuels were investigated
over the range 0°C to 60,0°C with no significant influence of
temperature being notede The two components, fuel and water, were
also examined when mutually saturated with respect to each other
and again no changes were observed,

A1l viscosity measurements made during the investigation
were obtalned by using an Ostwald Viscometer placed in a constant
temperature bath at 30.0°C,

This experimental procedure was designed to obtain the
invaluable data necessary to formulate final conclusions regarding
the technology of fuel and water emulsion. It was the result of
a separate phase of the general investigation and was adopted
only when the data did indicate that it was possible to measure

a fuel's tendency to emulsify with water,
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DISCUSSION OF RESULTS

Some Interesting observations were made durlng the in-
vestigatlons of the varlous fuels and these observations evolved
in a more or less orderly fashion, though unfortunately indicating
that several factors contribute to the emulsification tendencys

Since the interfacial surface tensions of the fuels and
water do not correlate the fuels with their emulsifying character-
istics completely, it is theorized that the molecular attractlon
mist be about the same for many fuels of the same chemical type

at the boundary of the fuel and watere

TABLE IV
Klett Reading
Isoparaffin Fuels ¥ (dynes/cm) (at 5 minutes)
Sample Noo, 9 2206 174
" " 10 20,6 57
" o1l 21,0 102
" "1z 22,0 81
" "o13 22,3 89
" o4 1565 114
" "1y 19,8 460%
Klett Reading
Normsl Paraffin Fuels § (dynes/cm) (at 5 minutes)
Sample No, 15 35,1 26
n " o16 3042 35
" " 18 3202 76

#*ruel Sémple ﬁo. 17, see Existent Cum Content Table Te

From Table IV it seems that the theofy of the similar
fuels having thé ssme molecular attraction at the boundary could
very well explain the reason for like hydrocarbon-type fuels
having the same interfacial surface tension, The data of Table
IIT presents the results of an experiment carried out to Investi-

gate this theory of llke hydrocarbon fuels having about the same

interfacial tensionse
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A specified quantity (.0l mole) of primary (RNHp) and

% secondary (g)NH) amines was added to a sample of jet turblne fuel
| JP-4, The interfacial surface tension was measured as well as |
the 1light transmission of an emulslon of the fuel with water in

sccordance with the Experimental Procedure. The primary amines

were stralght-chain compounds varying in the number of carbons

and likewise, the secondary amines also varied in number of

carbonse

The results of adding the straight-chain amlnes to the
fuel sample is a depression of the interfacial surface tensions
o about the same value regardless of the carbon chain length and
| the amount of amine added with respect to chain length. In other
words, the addition of 1.66 grams/liter of a 10 carbon straight-
chain amine yields about the same interfacial surface tension with

water as when 2,9 grams/liter and 5,0 grams/liter of a 16 carbon

straight-chain amine was addede
% Again, 1t 1s shown that additions of a secondary amine
also resulted in fuel samples having interfacial surface tension
values which range from sbout 17 to 26 dynes/cme This is still
considered a falrly close grouplng of values although the spread
is much greater than in the case of the primary amines,

Both amine additions gave positive adsorption at the
boundary of the fuel and water, that is, thelr additions decreased
the original interfacial tension. It certainly is obvious that

the straight-chain amilnes caused a greater decrease in the free

energy of the boundary surface than the branched=chain or

secondary aminese This change 1s attributed to greater concen=

4 tpation and molecular attraction (or repulsion) at the fuel water

e RO Pp——
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interface in the case of stralgnt-chaln molecules, The concen=-

tration of secondary or branched-chain molecules at this interface

IS
i
]
pt:
!l
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4 would not be nearly as great as primary or stralght-chaln moleculess

: The above discussion can also be applied to the data of
%Q Table IV with respect to like hydrocarbon fuels having about the

l same interfacial surface tension, In this case the branched-chaln
type fuel or isoparaffin fuel has the lower value of the inter-
facial tensions. But the fact must be recognized that the
{nvestigation using the addition of the amines did cause greater
amounts of the amines to be added to the fuel than would ever be

% round in s standard product. Undoubtedly, these greater amounts
did cause concentration and molecular orientation effects at the
fuel and water interfaceo.

The above presentation does clearly show that the
interfacial surface tensions of the fuels and water do not com=-
pletely correlate the fuels with their emulsifying characteristics.
This statement is substantiated by observing the values of the
Klett readings for both Tables IIT and IV, Especially of interest
13 the results of the amine additions and their effect on the
emulsifying tendencies of the sample fuel, The plain fuels'

Klett reading of 47 was increased to 110 by the addition of
ARMEEN 10D. But the addition of amines of longer carbon-chains
only increased the Klett reading %o a maximuﬁ of 138, Hence,

the length of the cérbon chain does not seem to affect the

emulsion tendencies in any great manner.

Wnen the secondary amine additions are considered, the

e Klett readings is greafly increased, First, the

[ . Inange of th
9 addition of g;oo grams/liter of ARMEEN 2C and 2T caused a range
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of 118 to 140, Then, the additions of 4,50 and 5.30 grams/1iter
of ARMEEN 2C and 2T respectively caused the range to spread
greater, from 137 to 240. Hence, in the case of branched-chain
compounds the effect of a longer carbon chain is realized. These
results do agree with the "oriented wedge" theory of emulsification
(2). This theory states that if the cross sections of the two
parts of a stabilizing molecule are such that the hydrocarbon
portion has a larger cross section than the polar group, then a
water in oil emulsion will be stabilized. Hence, the additlon
of ARMEEN 2T (18-C, sec amlne) did cause greater stabilization of
the emulsion to take place than when ARMEEN 2C 112-C, sec amine)
was added, ARMEEN 2T with mainly 18 carbon atom chains would be
greater in cross section than ARMEEN 2C with only 12 carbon atoms
in 1ts chain since the addition of carbon atoms to a secondary
amine also causes a larger Cross section., Then again, the ad-
ditions of straight-chain molecules as ARMEEN 10D, 12D, and 16D
(primary amines) would not increase the emulsion stsbilization
since increasing the carbon chain length would not greatly affect
the size of the cross sectlon of the molecule, In the above dis=
cussion, two terms were related which relation is justified but
not apparent. The term, stability of the emulsion, and the term,
degree of emulsification (as reported by the Klett readings) are
clearly related by the definition of the 1attér term as glven in
the Surmary of this reporte

Tt was mentioned that lower values of the interfacial
gurface tension do occur in those systems which form a more
stable emulsion. This trend can be shown by plotting the five=-

minute Klett readings versus the interfacial surface tension for
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the fuels investigated, This plot is shown in Figure 2. It must
also be realized that a complete correlatlon juét between the
interfaclal surface tension and the fuel's tendency to emulsify
with water is not obtained. The second parameter necessary to
make the correlation more complete was found by plotting the five-
minute Klett reading versus the volume average boiling temperature
of the fuel. This plot is shown in Figure 3. Actually this was
the first plot which appeared to give signs that some relationship
could be made, The evolution continued and from one of the
generally used correlations (3) (called mean average boiling
temperature) between boiling behavior and the molecular welght,
a plot was made of the rive-minute Klett reading versus the fuel
average molecular welght (Figure 4).

Theoretically, these relationships did bear significance.
The more stabilizing compounds whether lenger in chain length or
wider in cross section, by virtue of their greater molecular
weight, will normally exhibit a higher boiling pointe A simple
procedure to illustratevthe above statement 1s to compare Fuel
Sample No. 14 and No, 10. Observing the boiling temperature for
both fuels at the 50% evaporated pointy it 1is seen that No, 14
boils at 441°F and No, 10 bolls at 011°F, It seems reasonable
to assume that any unknown gstabilizing compounds distilling over
at 441°F would be longer sn chain length or wider in cross section
or perhaps just more complex than those coming over at 211°F, as
would also be characteristic of the hydrocarbons. The ultimate
result is shown by the recorded rive-minute Klett readings; No.

14 has a value of 114 while No. 10 is 57, Mény such procedures

mey be made with the reported datae
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Since the fuel's average molecular welght is a function
of the bolling temperature, the volume average bolling temperature
was chosen as one parameter, By the Method of Least Squares, the
best stralght line was calculated for the data shown in Figure 3,
This line has the equation:

LOG K = 0,00397 T + 0,517

where K = ig the five-minute Klett reading
T - is the volume average boiling temperature (°F)

Many points on this plot reflected fuels whose interfacial surface
tensions were not in line with like-type fuels and these polnts
did fall out of the straight-line relationship. It was found that
some factor of the interfacial surface tension could be used to
adjust the volume average boiling temperature and place these
"ra1l-out" points on the stralght line, By trial and error the
best relationship was obtained from a straight line (Method of
Least Squares) by plotting the furction (LOG K-0,00397T=0,517)
versus the interfacial surface tensicn. Thls plot is shown in
Figure 5., From this plot the final relationship was obtained to
bel
LOG (K) = ,00397 (E)
wnere ¥ = 1s the five-minute Klett reading
E - is the emulsifying factor and is equal
to (T + 217-2,99¥

- is the volume average boiling temperature (°F)
1s the interfacial surface tension between
the fuel and water (30°C) (dynes/cm)

and

T
§

This final relatlonship with the experimental polnts plotted 1s
shown in Figure 6, Also shown are the mean values of emulsifying
factors for all the experimental fuel samples, These values

allow the first rough estimation to be made concerning a fuel's

Lodhor. -
e
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tendencies to emulslfy with wetore A more dependable predlctlon
1s made by knowlng the volume average boiling temperature of the
fuel and water at 30°C and then calculating the Klett readinge

The next relationship which could evolve would be be=
tween the Klett reading and the Flow Rate of a Coalescing Unlte
There would be, undoubtedly, a maximum Klett reading for each
flow rate. Any fuel and water emulsion producing a higher Klett
reading than the maximum would not be successfully coalesced at
the flow rate corresponding to the maxlimum Klett reading.

As a final check, several industrial solvents and
substandard jet turbine fuels not used during the correlation of
the emulsifylng factor were investigated, The data necessary to
find the emulsifying factor was obtained and the Klett readings
were calculateds Then the solvents and fuels were analyzed

according to the Experimental Procedure and the experimental

Klett readings were obtalned. The results are given in Table Ve

4
'
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g SAMPLE Y T E  Kgxp Kcar

ﬁ

1 SOLVENTS

“ HISOLV T - toluol 32,5 233 358 42 26 |

: aromatic petroleum naphtha 1
HS 8 - low boiling 33,5 238 360 42 26 i
petroleum aromatic, solvency adjJusted !
HS 30 - highly refined 34,0 308 428 55 50 !
aromatlc petroleum naphtha ‘
HS 534 - aromatic 31,1l 359 488 80 86 |

petroleum naphtha, solvency adjusted |
FUELS (substandard Jet Turbine Fuels JP-5) '

ESSO Kerosene (low S, hi aromatic) 36,1 453 562 162 170
" " (low S, low aromatic) 39,2 455 555 3% 160
" " (naphthenic) 36,0 461 572 175 186
" " (mixed aromatic-paraffinic,

high S) 24,5 439 583 205 205
" " (Low aromatic-paraffinic,

hilgh S) 28,8 439 540 115 140
" Spirits (mineral spirits, low

solvency) 42,5 346 439 63 55
" Spirits (mineral spirits, insecti-

ci1dial carrier) 40,1 448 545 144 146

" Alkylate Bottoms (isoparaffinic) o7,2 394 530 135 128

The experimental and calculated values of the Klett readings are

plotted in Figure 7.

f The calculated values of the Klett reading do check
fairly well when the type of analysis 1s considered, Emulsions
are difficult to produce, analyze and reproduce. No logical
reason for the exceptionally low value of the Klett reading for
the Esso Sample (low S, low aromatic) can be glven. All vossible
ressons were investigated and no answer is avallable. The results
of the industrial solvents were interesting since these types of ;
golvents were never included in this investigation, HISOLV T and
HS 8 are two samples that do fall out to some extent but the

chemical compositions of these solvents are not known except that

thelr solvency has been adjusted to sult industrial specificatlons.




T T T e L, L s e M N M it Mk Al Ol SR S SRR

T AT AR SR e i

T

€80

€00

—d e

aoonr BB | L L
R e e
M Lol 13 1M ]
kN i dow
I " = B4 I 3D
S . : M .=
=ERNP Sl ,L‘. S . “ Sl
s — s R
o o i i O |- 206
e T ‘@9 &
T S - X Tt-, ~ : m
L R R R - A I
SIS ; e
. - “ N
1.¢ & 1™ ”
E , i {1
y . P “ “k ..E.- i o )
; 2 - : ; - bv--iﬂl —
W | H IR ’ T
o - _ "a | € .
INe IR I 0 ™ . S
B / L& o
L \ | M

i
A
880

, L N V/ - TR -
o —NTT T T N 110
TN e
o / _ 0
Maate AR A 7 -,_ ] . fﬂ.&u.i..» M e (R .I#lnl ...lt‘_#.xu.||1(1¥-|l|l -
1 . o . -~
]I“l‘l‘l " , / E
A O O NSO S E S S U — - -
1 | , .
S m e £,
b i ,, o ) .9 le
R P I S A B - _n...u ¢
I ___1 M <
U T Y i . Bl
L S LN .W|
S S wans ey o - z
| - P -
N e s el - - v o
_ N | S i
T T 318
| 1] o 5
S _ | >
|| i _ W
| ﬂ . ' “ ! v |
_ - *r- |,».w.5 U U RSN NV SERE e e b
L] _ R .
| s ok T R |
;.*x s it S R 0
B
B ) . et ]
B A _ e S mhan | N “ _ W
_ i
”
3449 3 3

oNldVAY 103

/

240



i D R T

- 34 =

Conslderation of the vlscosity of the fuels leads to
the conclusion that 1t 1s a significant factor in the rate of
the breaking of an emulsion under the influence of gravity, but
that it does not appear to be a primary factor in or cause of
formation of emulsions from the point of view of Interfaclal
forces, Migure 1 shows the stability curves for the emulsions
of diesel oll and water, and gasoline and water., The settling
curve for the gasoline 1s much steeper than that for the diesel
fuel, The viscosity (at 30°C) of the fuel samples used in the
laboratory for these data weres

dasoline o0 millipolses
Diesel 0il 18,3 millipoises

Again the Phillips Petroleum Company blends, Samples No, 9
through No. 18, Table I, also show no definite relatlonship
between viscosity and the fuel's tendency to emulsify with water.,
During each fuel analysis the exlstent gum content was
carefully considered as an important variable, The gum content
1s now realized as beilng very important but it seems that a large
excess must be present before its effects are noted. Fuel Sample
No. 17 contains 20,3 mg/100 ml of existent gum and this fuel
produced a very dense emulsion with water. Very little water was
left in the bottom of the mixing jar after the emulsification,
When the gum content of fuel Seample No. 17 and No, 13 1s con-
sidered, a wlde spread 1s realized and hence the emulsifying
tendencies of the fuels and water are also widely spread, But
when fuel Sample No, 13 1s compared to No. 11 the emulsifying

spread 1s lost although these two fuels do vary in existent gum

contente
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Aﬁother property whici was considered was the denslty
of the fuels. Since the bulk of the investlgatlons was concerned
with jet turbine fuels thls property did not have a sufficlent
spread so that 1ts effects can be formalized., It is granted that
there is a spread in density between gasoline and dlesel fuel
put 1t 1s belleved that density effects wlll be reallzed in the
settling rate of water particles and not in the emulsifying
tendencles of the fuel and water.

The next consideration and perhaps most important of
all to be mentioned is the effect of addltives on the fuel and
water emulsions. The additives studled inecluded: Santolene "o
(Monsanto Chemical Co.); Dupont Fuel 01l Additive No, 2; Ionad-l7
(Shell 011 Co.)s It is belleved that the additlives mentioned
above are completely typlcal, and are important ones, Since the
recommended amount of additive to be used usually consists of
6 1bs, of additive per 1000 barrels of fuel, it was difficult to
produce these proportions on a laboratory scale. It was decided
that all the additives would be evaluated by adding one drop of
additive per 500 cc of fuel. Figure 8 shows the type of dig=-
placement noted for the Klett reading versus time lapse after
euuigitication plot for fepresentative samples,

A knowledge of the varlous additives and thelr speciflec
abilities coupled with thelr offects on fuel and water emulsi-
fications shown I1n Figure 8 indlcate that the rust preventive
or metal deactivator type do ﬁot particularly enhance the
emulsification process; whereas the solutlzer and dispersant

type greatly enhances the ability of the fuel to hold the water

in suspension, When I0N-17 was added to fuel Sample No. 5 the
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value of the Interfaclal surface tenslon was decreased almost
30%, from 3447 dynes/cm to 24,7 dynes/cm., This clearly exhibits
the correlation that as the Interfacial surface tension de=
creases the emulsifying tendencles of the fuel Increase, Again
the value of (¥) for fuel Sample No., 8 changed from 21,7
dynes/Cm to 1045 dynes/cm when Dupont No, 2 additlive was added
to the fuel., Santolene "C" only changed the interfaclal surface
tension value from 21,7 dynes/ecm to 17.2 dynes/ecm. Both ION-17
and Dupont No, 2 additives are solutizer and dispersant type
additives while Santolene "C" is a metal corrosion inhibltor
type additive. The most important point to observe is that the
stability of the emulsion is greatly effected, It 1s only
natural to expect this group of solutizer and dispersant type ad-

ditives to affect the fuel and water emulsions as shown. The

additives certalnly can be the most important single varlable,



CONCLUSION

Testing of the emulsification tendency of a repre-

o
e
|
!.
{
[
3

T i v e

sentative sample of avallable fuels in the range of JP=3 and 4,

and a few fuels outside this range indicates a wlde variation
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in tendency to form emulsions of varying stabillty. Inspectlon
of the data indicates that one of the major variables which can
be easily measured is the Interfacial tensilon of the fuel milxture
with water. Another major varlable is the volume average boiling
temperature of the fuel,

For fuels having less than specification quantity of
exlstent gum, there appears no partlcular problem of emulsi=-

fication due to the presence of gum, If the amount of gum exceeds

the specification significantly, it very rapidly becomes a major

emulsifying agent, and will probably result in the formation of

E extremely vicious emulslonse
Presence of naturally occurring or intentlonally added
surface active compounds can exert more profound influences on
- enhanced emulsification tendency than any other factor measured,
Fuel additives do enhance the emulsifying tendencies of a fuel
with water; but the extent of this effect varies with the type
of additive in question. Any practical application of demulsl-
fication equipment must be considered in the light of the
probably increasing use of surface active additlves in these
fuelse
Consideration of the viscosity of the fuels leads to
the conelusion that 1t is a significant factor in the rate of

the breaking of an emulsion under the influence of gravity, but

that 1t does not appear to be a primary factor in or cause of
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formatlon of emulsion from the point of view of interfacial
forces,

Chemical type of the hydrocarbons appears to have a
significant influence on the stability of the water in oil
emulsion. The branched-chain type of molecular structure of
any stabllizing compounds in the fuels will result in more stable
emulslons than a stralght-chaln type molecular structure,

Fmulsions of an arbitrary small amount of water in oll
can be characterized as to the degree of emulsification In terms
of its light transmission characteristics. A Klett-Summerson
Colorimeter was employed to measure this transmission. The Klett
reading (K) was related to the Emulsifying Factor bys

LOG K = ,00397 E
where K = is the Klett reading
E - 1s the Emulsifying Factor and equal to
(T + 217-2,99¢
T - 1s the volume average boiling temperature
of the fuel (°F)

d - is the interfacial surface tension between
the fuel and water (dynes/cm) (30,0°C)

The above relationship allows a dependable prediction
to be made with respect to the emulsifying tendencles of a fuel

with water, This prediction can be further employed in the con-

sideration of fuel demulsification equipment,

e e it e i S e e < = T
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TABLE

VI

N-PRIMARY AMINES CARBON CHAIN

ARMEEN ARMEEN ARMEEN ARMEEN ARMEEN

(RNHg) LENGTH 10D 12D 16D 2C oT
PERCENT

Octyl 8 4
Decyl 10 20 2
Dodecyl 12 6 95
Tetradecyl 14 3
Hexadecyl 16 32
Octadecyl 18 7
Octadecenyl 18 1
Mol, Combination W&, 166 185 200
N~ ATKYL, RADICALS

(RoNH)
Octyl 8 8
Decyl 10 9
Dodecyl 12 47
Tetradecyl 14 18
Hexadecyl 16 8 30
Octadecyl 18 10 25
Octadecenyl 18 45
Mol, Combining Wto (Approx.) 450 530
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TABLE VII
CALCULATED DATA
FUEL (4) (B)
00547 T
SAMPLE NO. LOG Kpxp + 04517 (A-B) LOG Kgpr,  Kpyp Koar
1 1,9638 2.2069 -,2431 41,1 2.06284 92 116
2 1.8573 1,8340 +,0233 27,1  1,8567 7272
3 2,0531 1,9491 +,1040 21,6 2,0351 113 108
4 1,7243  1,7150  +,0093 35,9  1,6344 53 43
5 1,9085 1,7706  +,1379 34,7  1,7018 81 51
6 1,6721 1,7150 =,0429 3l.6 1,6860 a7 49
7 1,6021 1,7111 -,1090 3l.,7  1.6780 40 46
8 1,8389  1,7785  +,0604 21,7  1,8645 69 73
9 0,2406 2,0046 +,2360 22,6 2,0787 174 120
10 17559  1,6000  +.1559 20,6  1.6979 57 50
11 2,0086 1,9015 4,1071 21,0 1,9954 102 99
2 1,9085 1,9015  +,0070 22,0  1,9835 gL 96
13 1,9494 1,9055 +,0439 22,3 1,9835 89 96
14 20,0569 1,9491 +,1078 15,56 2,1105 114 129
15 1,4150 1,5088 -,0938 35,1 1,436l 26 27
16 1,5441 1,7388 =,1947 35,2 1,666l 35 46
17 EXCESS GUM
18 1,8808 1,8856 =,0048 32,2  1,8486 76 71
19 10,5315 14651  +,0664 28,3  1,4718 34 20
20 2,6042 2,5124 #,0918 21,1 2,606 402 404
21 1,9912  2,2109  =,.2197 39,5 2,0866 98 122
22 20,2504 202109 =-,0395 24,7 2,261z 178 183
23 1,4472  1.3699  +,0773 35,1 1,2972 23 20
24 1,4472 1.4016  +,0456 35,4 13250 23 22
25 0,4183  2,4172  +.0011 34,3 2.,3524 262 224
26 29,0128 2,1831 =,1705 39,6 2,0589 103 114
27 0.,3874 2,4212 -.0338 28,3 2,4278 244 267
28 02,0453 2,1593 -,1140 39,6 2,0351  1ll 108
29 1,2041 1.3501 =-.1460 37,0 1,2536 16 18
30 0.3856 2,4212 -,0356 23,2 2,4913 299 310
3 n.7TNT0 2,2149  +.0861 25,8 2,2533 200 180
5% 1.,8751 1,8658  +:0093 33,1  1.8169 75 . 67
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