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ABSTRACT

This study was initiated,to.absorbupetroleum spills
in séa waters. For this purpose, polyurethane and polypro-
pylene were used as sSorbents, and SAE 20W-20 motér oilrand
SAE 90W gear éil were used as oils. To observe the penet- /
ration of oils into sofbents,jfour groups of experiments
were carried out 1 the horiéonﬁal penetration of oilsiihto
éry polyurethanes, the horizontal displacemenfvof water
from polyurethaneé(pre-wetted with water) by oil, the ver-
tical penetration of oils into dry.polyproﬁylenes, and the
vertical retention of oils by polyurethahes(pre-wetted

with oil).

Sorbents are characterized by their porosities,
thicknesses, and fiber diameters. Such propertieS»bf.the
sorbents us?d were obtained from the literature. The im-
portaﬁt-prdéertiés of an oil are the density, the visco-
sity and the\surface tension coefficient; The valueé.for
the density and thé'viscosity of o0ils used were supplied
by Mobil 0il Company in istanbui. The surface tension co;
_efficienté of ghese oils also were méasured-in Bogaziéi
:Univérsity Labs, The‘sorbent/bil contact angle, which is
‘another impo taht parameter, was taken as zero by assuming
that the sorbents were c0mpiete1y wetted wiﬁh oii.'.
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A lineaf model, developed in literature for the ho-
rizontal penetration of oils into sorbents, was used in
this study, and the éxperimental results qbtained in this
study did not agree with this:model. Here, the distance
penetratéd by oil into sorbents was observed to be direct-
ly proportional to the square root of time.

In addition, the horizontal displacement of water
from sorbents by oil was also studied here. The polyuret-
hane samples(pre-wetted ﬁithvwater) did not absorb oil,
that is, water pfevented £he penetration of oil into sor-
bent. Therefore, the displacement of vater fromngorbents
by 0il could not be achieved. This indicates that the sor-
bents can absorb oil from the surface of sea waters, if
they are prevented from being wetted. |

The vertical penetration rate model, taken from the -
literature, is nonlinear. The vertical retention model,
which was -developed in this study, is also nonline;r. The
experimental and the theoreticél results showed that both
the vértiCal penetration'rate and the vertical retention
were nbnlinear. In the vertical penetration'raté'experi—
ments, the rate at:which 0il climbed up the sorbent was

measured. In the vertical retention experiments, the rate
‘at which oil drained from the sorbent was measured. The

evaluations were based on these measurements,

e




I

YAGIN SORBANTLARA NUFOZUNUN INCELENMESI

OZET

Bu géllgma denizlerdeki petrol iiriinlerinin dﬁkﬁntﬁf
lerini £emizlemek igin baglatilmigtir. Bu amagla sorbent
olafak poliiliretan ve'polipropilen,-yag olarak da.SAE 20W-
20 motor yagi ve SAE 90W.di§1i makina yagi kullamilmigtir,
Burada, ya§1n,nﬁfﬁz"edisini.gﬁzlemek ﬁzeré 4 grup deney
yapllmlgtlrt.KUIﬁ poliﬁrétanlarda yagin yatay niifizu, ©n-
ceden su ile 1slatilmis poliiiretanlardan suyun yag ile
atilmasi, kuru polipropilenlerde yagin dikey niiffizu, ve
tnceden yag ile i1slatilmis poliiliretanlarda yagin dikey se-
kilde bekletilmesi,

Sorbantlar’porozite. kalinlik ve lif caplari ile be-
lirlenir. Kullanilan sorbantlara ait bu 6zellikler kaynak-
lardan alinmigtir. Yagin Onemli Gzellikleri yogunluk, vis-
kozite ve ylizey gerilim katsayisidir. Kullanilan yaglarin
yodunluk ve viskozite degerleri istanbul‘daki Mobil Petrol
Sirketi'nden temin edilmistir. Bu yaglaran yiizey gerilim
katsayilaril ise BoﬁéZigf Univeréitesi Laboratuvarlari*nda

S8lglilmiigtiir, Diger bir ©nemli parametre olan sorbant/yag

temas‘aglsl, sorbantlarin yag ile tam islandiga kabul edi-

lerek, sifir olafak alinmigtar.,
'Yaﬁlarin sorbantlara yatay niifuz edisini belirlemek

izere, kaynaklarda geligtirilen dogrusal model bu galisma~-
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da da kullanllmig ve bu ga11§mada elde edilgn deneyséi
sonuglarin bu model ile uyumlu olmadigl gOriilmiigtir. Bué
rada, yagin sorbanta niifz ettigi mesafenin zamanin kare
kbkii ile dogru orantili oldugu da g6zlenmi§tit;

Ayrica, burada suyun sorbantlardan yag iie yatay
olarak atilmasi iizerinde de g¢alisildi. Onceden su ile 18-
latilmis poliiiretan numunéleri yagl:emmediler, bagka bir
deyimle, su yadin niiflz etmesini engelledi., Bu yiizden,
sorbantlarda suyun vag ile yer degigtirmesi bagarilamadi.
Islanmalari Onlendigi takdirde sorbantlarin deniz sulari
tistiindeki yagiari toplayabiiecekleri sbylenebilir.

kaynaklarda geligtirilmig olan dikey nﬁfﬁz hizi mo-~
deli dbgrusal degildir. Bu_gallgmada.ge1i§tirilmi§ olan
dikey tutma modeli de dogrusal degildir. Deneysel ve teo-

rik sonuglar hem dikey niifiz hizi, hem de dikey tutmanin

dogrusal olmadigini gOstermigtir., Dikey niifGz hiz1 deney-'

~ lerinde yagin Sorbanta tirmanma hizi Slgllmiigtir. bikey
tutma deneylerinde ise yagin sorbanttan akma hizi Sigil-

mﬁgtﬁr.'DeQerlendirmelef bu Slgimlere gdre yapilmgtair,
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NOMENCLATURE

d 3 average fiber diameter(cm),
F -1 surface tension force respénsible fof oil pé-
netration(dynes/bmz), |
F : exterior surface tension force that resists to
oil pengtration(dyneg/bmz),
F t shear force which is.the ma jor resistance to
oil.penetration(dynes/me),_
F 3 grg?itational'force_which opposes oil penetra-
tion.when flow is npn;horizontal(dynes/bmz),
T g;;vifétional accelerétion(=980 cm/secz),
: equilibrium height-of-rise of o0il into sorbent
(cm),
t final height of o0il into sorbent in vertical
rétenﬁion(cm)n
k 1 permeability constant, Carman-Kozeny équation
coefficient,.dimensionless(=5.for_polypropyléne
and polyurethane), | |

Kl’Kz’K parameters in eq.(4),

3!
klsz,k3,k4,k5 + parameters in eqs.(G) énd (25),
L - s distance penetrated by oil into sorbent(cm),

Lo -3 initial height of oil into sorbent in vertical

retention(cm),

‘xiv’
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AP

distance drained by oil into sorbent in verti-
cal retention(cm),

mass of oil benetrating'into sorbent per unit
cross-sectional area normal to flow(g),

wetted surface area per unit volume of sorbept
(en™1y, -
penetration time, or retention time(sec, min),
sorbent thickness(cm),

superficial 1iquid velocity in the open crass-
sectional area(cm/sec),

observed velocity of the oil front(cm/Sec),

- sorbent width(cm),

angle of inclination of sbrbent with vertical
(deg.),

sorbent /oil contact angle(deg.),

angle between fibers and moving iiquid}frdht
(deg.),

liquid viscosity(poise),

liquid density(g/bm3).

surface tension coefficient of 1liquid(dyn/cm),

pressure,difference(dynes/bmz),
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CHAPTER 1

INTRODUCTION

Due to varioﬁs accidents, petroleum and its products
are spilg intq the water bodies, especially the seas, cau-
_sing'majbr environmental probleﬁs. The removal of the pet-
roleum products from the seas is very crucial for the sur-
vivai of the biota in the water, and for the cleaning of
.the environment as well as for the reéovery éf the petro-
leum products for use. The effective techniques for the
cleaning of oil Spi;ls'should not be expensive for appli-
cations in practice}
| The mechanicai collecting eQuipments, the sgrapping
equipments, sinkiné agents, emulsifiers or dispersanﬁs,
surfactants, and sorbents‘afe the significant techniques

used for removing oil spills from waters. Sinking agents

can worsen the situation. Chemical methods are not immedi-

ately effective. Surfactants can be used to direct the sp-
read of thévslicks. Dispersants can break up ﬁhe 0il to ;
point wheré microorganisms can digest it. However, spilt
0il is not recoverable when these’ﬁethods afe used aione.
Sorbents, which abéorb or adsorp oil, can provide a
vquick and effective way of ;emoving oil from waters. Sor-
behts should be oleophilic, hydrophobic, absorbtive or ad-
.sofptiﬁe, inexpensive, and should have a very large oil

retention capacity. A sorbent should be able to float in
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évery condition and no oil should leak after the sorbent
is cleaned from,oilbby compression. The principél advanta-
ge of. the floating sorbents is that they show little or no
toxicity towards marine life.since they are removed total-
ly from,ghe marine environment,
The synthetic polymeric materials, especially poly-

urethane and polyproleene, are the most efficient sorbents,
The,8yntﬂetic'sorbents‘can be used by Spreading over an oil
covered body of water, or in devices such as .cont inuous
belts, rotating discs, booms, skimmers, etc. An important
advantage of the oil collecting systems with synthetic sor-
bents is that the oil can be recovered By compressing the
sorbent by scrappefs or wheeis. Polyurethanas with their
foamy structures are widely used as sponges, and have very
low densities, high élastiéities,'large oil retention capa-
cities, and high oil-sorption rates. The féams'consist of
the.poiyurethane fibers, and resemble a. three dimeﬁsionai
fish network structure. Polypropylenes are also made of the
synthetic fibers, and have advantages similar to polyuret-
hanes; howevér their structures resemble that of woven téx—
tile. Since the synthetic sorbents are light-weight materi-
als and compressible, théy'cah'be,reused, Furthermore, they
are ihexpénsive'and can be transported easily.

| The oil is penetrated into sorbeht-horizontally and
vertically. The horizontal and Qertical pehetratipn of.oils
into polypropylenes and poiyurethanes were studied before

[




by Walline(1974) and Lay(1980); Since the sorbents would
be reused and pre-wetted with water and oil ihlpractice,
the experiments by sorbents pre-uettéd with water and oil
should be carried out. Also the oil should be retained
until'thé sorbent was takeh out of the sea water with oil
‘and the o0il was recoverea from sorbent.

In this study, the horizontal and vertical penetra-
tion rate experiments will be repeated to verify the stu-
dies 6f Lay(1980) and Waliine(1974) for the same polyuret;
hanes and polypropylenes,‘and for the oils with different
properties. Considering the fact that sorbents used in
practice are wetted with Qater, the studies of Lay and
Walline will be extended by additional horizontal penetra-
tion rate experiments using polyurethane sorbenté pre-wet-
ted with water. Furthermore, the vertical retention expe-
riments of oils in polyurethahes will be carried out to

find the rate at which oil drained from the sorbent.
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CHAPTER -2
REVIEW OF PREVIOUS WORK ON PENETRATION OF OILS

INTO SORBENTS

A review of the literature on penetfation of oils
into sor’bents indicates such sorbént properties as poro*
- sity, fiber diameter, thickness, capacity, floatability,
reusability,'ahd such oil properties as density, viscosi-
ty, and surface’tension coefficient to be important., In
additioh, sorbent/oil contact angle and oil-sorption raté
of the sorbent are found to be significant. The previous
work on penetratioh of 0il into sorbents may be summari-

zed as follows

Washburn(1921) used Poiseuille's law to develop an

expression for the rate of a liquid into an horizontal ca-

pillary. The resulting expression was given as:

1=\ [ B.r Cose\ M
=V
where r= the radius of the capillary,
L= the depth of penetration of liquid,
¥= the surface tension coefficient of 1liquid,
p= the absolute viscosity of liquid,

t= the penetration time,

9= the sorbent/liquid contact angle.

To obtain a useful relationship, Carman used the

Carman-Kozeny equation(Walline 1974 j Lay 1980) which is.




‘given by

"V = E32, (-Ar) M o (2)v
k P S ’L _
where V= the sﬁperficial liquid vélocity in the open
A' | cross-sectional area,
k= the permeability COhstant(=5 for polypropylene
and poiyuréthane).
€= the porosity, or void fraction of porous mate-
rial 3 it is the éreé avai1ab1e'for flow per
unit cross-Séctionai area, .
S= the wetted surface area pervuhit vdlume of po-
rous material, | - N
AP= the pressuré difference,

This equatibn_prdvides.a basis for relating rate of flow

to the force gfadient, and contains pore size as parameter.

Walline(1974)>developed<mode1s to predict thé oil~
sorption rate into polypropylene sorbents for the .horizon-
tal and vertical pénetration cases. These models were ba-
sed on penetration induced by éurface tension ﬁith resis-
tances due to gravity and éhéar‘forces. The polypropylene
structure, which consists of randomly oriented fibers,
effects the liquid pénetrafion as foliowingrs

"Desired Surface Force=(sinﬁ),kaotai Surface Force®
where surface force is the driving force and ﬁ‘ié the ang-
‘1e between the fiber and the moving oillfroht because of

orientation,




" In the horizontal case, Walline's model results in
the following expression for the distance penetrated by
0il into a sorbent strip (L) with time (t) :

| \].d € ¥ cose' y,
L = t
1-E)nkp

(3)

where’d ~is the average fiber diameter of the serbent.
Walline measured sorbent properties and‘qll-sorptlon ca-
_nacities using different types ofﬁpdljpropylenes (see Ap~-
pendix~Ii). He alsq measnred oil properties and oil-sorp-
tion rates. He verified that the distance penetrated by.
011 into sorbent was d1rect1y proportional to the square
root of time. He observed that the horizontal rate expe-
‘ments were in agreement, espe01ally for polypropylenes of
Typar® 3400 and 3401, -

In the vertical case;’Walline;s'medei resnlts in
'the follow1ng expre551on for the distance penetrated by

o0il 1nto a sorbent strip (L) w1th t1me (t) 3

K K. L) ) '
t =x'3[ 21n(—i—)- — | (4)
| Ky K ‘KzL K2
o ' , 2
| | . €
K,= g g € Cosp . 8= 4(1-8)
d
: : . %

the‘gravitational acceleration,

Q
1]

=
ol

the angle of inclimnation of flow,

9= the o0il density.




“Available non-horizontai rate data were not taken in Wal-
line's sﬁudy, so the eq.(4)>couid not be verified experi-
mentally. However, when Walliné compared the4hor120ntél
and non-horizontal models, he found that these results

were in close agreement,

*Lay(léso) developed models for penetration of oils
into polyurethane foams for the horizontél and vertical
cases. These models are based on Walline's models(1974),
"In the horizontal case, Lay's modél results in the follo;

wing expression for L with t

_ Ezdg ¥ 1 4(1'-'E)n (t +w) \4,/2
L = Cose -~ t

(5)
4(1-6,)21<F< noa, t v :
where'tsand‘w are the sorbent thickness and width,
- Lay measured sorbent propérties and oil-sorption capaciti-:
es using different types of'pdlyurethanes(see Appendix II).,
She also heasuréd oil‘proberties and bil-sorption rates,
She verified that the distance penetrated by oil into sor-
bent was directly proportional to the sduare root of'time
as in Walline's study(1974). She found that the model was
in agreement with the experiments.

In the vertical case, Lay's model results in the
- following expression for L and t i
e 21n( a7

k3. klsz-kB

2 5. L ‘ ()
L k - |

t=—k
' 3




1 ,8(1%6’; =22, xy= g 9 € Cosp,

2% +w k = 16K J (1;'6)2
2 tw ’ 4 g2 dg

where Kk

k

She could not obtain succesfull results in this case,'
since the maximum height climbed by oil into sofbentkwas'
only 2~3 cm., |

Comparison of Lay's éxpressions with Walline‘s ex-
pressiong shows that there is a'correction £erm due to
the addition of thé exterior Surfacé tension force which
resists the 0il penetration into a sorbent. In the‘studi;
es of Walline(1974) and Lay(iQBO), deviations from pre~
dictions are due to errors in calculating porosity from
fiber and pore diameter measurements, and from slight in-
clinations of the sorbent strips when measuring horizdn-
tal penetfation rates of oils into sorbents.

According tb West(1980), when porosity and fiber dia-
meter of a sorbent are increased, the 611 penetration ra-
te into a sorbent increases 3 however, the oii retention
capacity of the sorbent decreases. To'increase both the
oil pénetration rate and the oil retention capacity of
the sorbent, it is‘suggestéd that the fiber diameter sho-
uld be reduced and porosity ihcreased;' .

Walline(1974) and Lay(1980) recomménded the follo-
~wing additional investigationsis | ‘

1. According to Walline, the experiments for the pe-

e
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netration of o0il into sorbents should be conducted with
materials which provides a wider range for such sorbent

properties as fiber diameter and porosity.

2. According to Lay; new vertical penetration expe-

riments should be done to verify the non-horizontal rate
expression. The model should be incorpdrated both the hb-
rizontal and non-horizontal rate expressions to predict:
the oilfpenetration rates into sorbents of various sizes
and in élick of varying thicknesses. Then this model co-
uld be used to specify the optimal sorbent matérial for
a givén 0il spill application. b
In the light of work done previously, the following
will be'studied in this work s
' a., The horizontal and vertical penetration rate expe-
riments for polyurethanes and polypropylenes will be done
and they will be evaluated by using Lay's models.
b. The experiments for the displacement of water by

0il (horizontally) will be carried out and the results

will be modelled.

c. The experiments for the vertical retention of oils

will be carried out and the results will be modelled.




CHAPTER 3

GENERAL EQUATION OF MOTION OF OIL IN A SORBENT

In Ehis chapter, a model is devéloped for predic-
ting £he penetration rate of oil into‘the poroué sorbent
and solved for several cases. The development of the mo-
del is based on the models of Walline(1974) and Lay(1980)
and includes the following aséumptions : -

1. Surface tension is the driving force for the mo-
vement of oil into the sorbent.

2. The resisﬁance_to_oii motion includes viscous
shear withyno slip at the s@rbent/bil boundary, gravity,
and a surfacé ténsion force at the air/oil interface.

3. The oil completely fills the available'voids;

4, Fibers have the same diameter.

For penetration of oil into a Sorbent, oil coﬁtacts
the rectangular sopbent'strip at one end and moves into
a constanﬁ cross-sectional area that is peﬁpendicuiar,to
the directioh of pehetrétion. A force balance on the oil
which flows into ﬁﬁe.sorbent fequiges :

'Mass X Acceleration = Totai forces

. 4,
__QS_“_‘y_L_ -5 F.

dt

where V; the.aCtuai'average Qelbéity‘of the o0il moving
into the sorbent, which is the observed velo-

city of the oil front,
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m= the mass 6f oil penetrating into sorbent per unit
cross-sectional area that is perpendicular to flow
F= the sum of the forces mentioned in assumptions 1
and 2 above. | |
Since

V=== |, m=5>L6 | .(8)

The equation of motion of oil into a sorbent becomes -3

S 2 o
m Ny yrdm _ g8 &L L 5 dy2 _sp (9)
3 2 9 at

dt - dt

- There are four forces affecting this motion : surface
tension on the fibers, surface tension on the exterior

surface, shear force, and gravitational force.

The surface tension force on the fibers, which

I
l’
is responsible for penetration of oil into sorbent, is

given by

-~

NIt chse - . (10)

1—.
where N is the number of fibers per unit cross-sectional

area, that is the tota] sorbent volume divided by the vo~

- lume per fiber and can be expressed as z'

(1-6) L = 4(1-‘61
(fraZ/a) L T a2

N= (11)

3 Combinlng eqs.(10) and (11) qlves :

. F;-:V.‘l.(_l:_elg Cose B o (12.)

de
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Since the fibers are randomly oriented, the desired sur-
face tension force includes oniy'the surface normal to

flow direction. F, is the surface tension force normal

1
_to the direction of penetration, and is given by 1
‘ . | o . i
Fi= (SinB) 0 .F1 | (13)
Since the fibers are randomly oriented, the average value

of Sinp'is given by 1 _
_ x SR
2 .
_ Isinp B _

o J* P
Thus, the surface tension force becomes 1
_2401-8) % S
'.vFlé‘n df Cos@ N . (15)

The exterior surface tension force, F;, that resists
oil penetration into sorbents due to the creatibn aof an
air/oil interface at‘ﬁhe'outer’perimeter of the éorbent,
is defined by 1
Fo= % 2(t_tw) | | (16) -
where Bé.the-air/oil intérfacigl,surface tension coeffi~
cient, which is equal to the surface tension
Coef,fiCienf: of oil, . |
z(ts+w)= the outer perimeter of the Sorbent.
The resisting force per unit crqss-sectional area fof

flow, F., becomes 3

2!
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2(t_ +w) & ,
Pt oan
oty o

Shear fofce, F

3’ is the major resistance to flow

and is‘defined'by :

‘ Shear force= f(liquid viscosity i veiocity) (18)
Here, thé 1iquid viscosity and the velocity gradient are
not constant, and the velocity gradient is represented
. by Carman-Kozeny equation given by eQ.(Z); The oii velo~
city Vv in this equatian can be related to oil velocity v’
by 7 |

v= fv € S¥ . | (19)
The wetted sﬁrface area per unit volﬁme. S,.is defined as
(See Appendix V) :

s= 4(1-€) | : (20)

£ . . .

There is no pressure difference in the present system.
Shear and pressure forces are the only forces to be con-
sidered in the Carman-Kozeny equation..Thérefore, the
pressuré difference caﬁ be reélaced by the total shear
forcé per unit cross-sectional area normal to flow, F3,
and eqgs.(2), (19), and (20) cah be cgmbined to give

‘ 23 2 :
Vs E g_];-‘. = E df ) f‘_3
=& T T 7 (21)
: 16k P(l—E) L
Solving for'F3 givgs t
| Fp = 16k p (_1-6)2L daL

(22)
3 g% a? at o
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The gravitational force, F4,-per unit cross-sectio-
- nal area normal to flow, which opposes o0il flow when flow
is non-horizontal, is
F,= 9ELg Cos) (23)
Therefore, the complete equation of oil motion into
sorbent'becomes 3
2 25(t_+w)
gfL4L 4 g8(g % 2 ﬁil—§l§éose- —

at 2 =% f t sV (24),

2 :
lﬁkp(l-ﬁ) L L
2 dt
£

In thiskequation, the only variables are L and t, The ot-

- 0b C k -
§&tg osf €2 g

her parameters are constant for a given system. For a gi-
ven sorbent and:.oil, this nonlinear differential equation
can be represented by the following equation :

2
. a%L . ,dL,2 dL
._ks[; 32 +(G5e) ] Ky =k,-kalek, L G (25)

‘.

where kl.'kz, k4, and k, are defined similarly as in eq.

(6) and ké is defined as i1 - o

k5= 86
When the acceleration terms are negligible, eqg.(25) redu~
ces to
dL

Ky-K,=kal-k L 5 =0 :_“ (26)

The aéceleration_terms were found'to be negligible by

Walline(1974)_and Lay(1980)‘.
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For complete o0il wetting, the sorbent/oil contact angle

' may be taken as zero (6=0). Then 1

Cos6=1, and kl= §il:gl§
: FAY

3.1. Thé Horizontal Flow Equation and Its Solution

 In this case, there is no gravity term, and k=0,

since ¢=90. Therefore, eq.(26) reduces to 1

. dL
i B S

=0 . (27
The solution of this equation for t yields i
Ky 12

t= = +C)
kiywkp, 2

For the initial condition L=0 at t=0, C=0., The solution

of the flow equation then becomes 3

t= __fﬁ_.];‘_% '
2(k,-k,) [ 4 VA
or : L= — t =(slope) t . (28a)

4

The distance penetrated by oil into sorbent is di-
rectly proportional to the square root of time and has a.

linear form. It is obtained froﬁ‘eq.(s)lby taking CosOwl:

— » —
2 .2 . : 3 -

€< ag t‘i_ 4(1-€) (gt K2
4(1-€)%kp | a, to v

'L (5a)
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In this equation, the term with the sqQuare root sign is
the slope of L vs. t curves and contains the properties
both the‘sorbent and teh oil. Here, the sorbent proper-
ties may be combined to define a sorbent ﬁarameters
82 a2 [ 4(1-6) (ts+w1\ |

4(1-8)2 7 tsW

Similarly the effect of o0il properties may be shown by

an oil parameter:

=

As apparent from eq. (5a) the oil penetration is direct-

1y proportional to porosity and fiber diameter.

3.2, The Vertical Flow Equation and Its Solution

In this case,'k3=9g5, since ¢=O(Cos¢=1). Then , by

using eqd.(25) one obtains:
~N,

k.-k.-k.L  k.-k. -
17K,7K5 17K,
t=k, s - > ln(kl-kz-k3L{J+C
K3 K3 | |

Imposing the initial condition L=0 at t=0, the solution

becomes 1

b |~ anG - B (29)
L3 17273 3|

As seen, the time required for the 0il to climb a verti-

‘cal distance L is nonlinear with this'distance.

. The maximum distance the oil w1ll rise vertlcally
agalnst gravity when a sorbent strip is partially 1mmer-
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sed in an oil reserv01r, will be considered first. Since
motion ceases at the maximum height, acceleration and
shear terms will be zero. Lettlng h . be the height
reached by the oil after a long tlme 1nterva1, eq., (26)

becomes 3

kl k2“k3heq. . or heg.= X

(30)

where h,, is the equilibrium height-of-rise. At this
level, the oil stops rising since the gravitational for-

ce becomes equal to the surface tension force.

3.3, ThevVerticai Retention Equation and Its Solution

In this case, again Cos¢=1, and k;=pg€. And there
is no contact between the sorbent and the oil in the re-
servoir, therefore, the exterior surface tension term is

negligible(k2=0). Thus eq.(26) reduces tos

a. _. '
kl ~k gLk L a =0 | (31)

The solution of this equation yields:

K,-k.,L k
tzx , |——3 _ — L 1n(k.-k.L)|+C
4 7 2 17¥3
K3 K3

Using initial condition L=Lb at t=0(whefe LO is the ini-
tial and maximum distance of oil into sorbent), the fol-

lowing result is obtained




(32)

This retention time is the time required for the oil to
drain a distance of (LO-L) from the sorbent. As seen, the
time is nonlinear with the distance of (LO-L).

The final height of oil in the sorbent is
k1

-k, h_. =0 or h = -
; 3 f}na; . final LN | . (33)

k

At this level, since the gravitational force becomes equ-
“al to the surface tension force which resists the oil

dripping‘frOm the sorbent, the oil stops draining.




CHAPTER. 4

EXPERIMENTAL PROCEDURE
4.1. Material Used

In this stﬁdy, polyurethane and polypropylene sam-
ples were used as SOrbéntstwhile SAE 20W-20 motor oil and
SAE 90W gear oil.weré pSed as.the,test oils.

; Pélyurethanés used ih this study are the same as
those usedvby Lay(1980). Polyurethanes, with their foamy
structureé, are widely used as_spongés, énd haVe very low
densities, large oil capacitieé, high‘elasticities; and
high oil-sorption rates. The foams consist of polyuretha-
ne fibers, and résembie a three dimensional fish network
structure, as shown in Figure 1. Polyurethane foahs are
’reusablelehe foams havevcircular cross-seCtions, and the
fibers are chindrical; The sorbent pfoperties were mea-
sured by Lay(1980). The data dbtained isigiven in Table
20 in Appendix II, have beenbusgd in this study. The po-
lyurethane sorbenté are manufactured by Scott Paper Com-
pany iﬁ U.S;A. To obta}n a- large sorbent/oil canfaétvsur—
face,.thin rectangular sheets of thevsbrbents were used.

Polypropylenes used in this study'are the same;aé
.those used by ﬁaliihe(1974)..’Polyprdpylenes are made of
sYnthetié fibers, and resemble the woven tektiie structu-

‘re shown in Figure 2. The important'properties‘which were
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Polyurethane Structure

Figure 1.
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used are given in Table 20 in Appendix II,as measured by
Walline(1974). The polypropylene samples, called TyparR,
are manufacturéd by Du Pont Company in U.S.A,, and are
g:éy in color due to the addition of carbon black. Here
again, thin rectangular sheets of the sorbents were used.
The oils used ip‘this study beloﬁg to Mobil 0il
Company in Istanbul. Data for density and viscosity were
taken from £his compaﬁy; and are given in Table 21, and‘
Figﬁres 15 and 16 in Appendix III. The required viscosity
conversions are also given in Appendi# III;_Surface ten-
sion coefficients of the oils used were measured at Boga-
zigi'University,vénd the data are presented in Table 22
in Appendix III.‘The'experimentél procedure for measure-
ment of surface tension coefficients of oils is explained

in Appendix III.
4.2. The Horizontal Penetration Rate Experimehts

The purpose of thése exﬁeriments is to verify the
studj of Lay(1980) for the oils with different properties,
The experimental éetup used for the horizontal penetrati- .
on of oils into dry polyurethahe sorbents floating on wa=-
ter is shown in Figurer3. This setup cénﬁains a rectan-
gular liquid reservoir made vatin and has two sedtions;
which are sepérated by a thin méta;_wall with a rectanéu-

lar cavity in the middle to put the sorbant into. In the



liguid reservoir

water=oil. -
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‘Figure 3. The Setup for the Horizontal Penetration Raté_
- Experiments,
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left section there is only water, while there are water
and oil in the righ£ ;ection. Thus, the right énd of the’
sorbent was placed on oil, and»this part quickly absor-
bed oil. The left end of the sorbent was placed on water
however,this part, because of the oleophilic and hydro-
phobic characters of the polyurethane sorbents, did not
ébsorb water. Then, the‘movehent of oil into dry polyu-
rethanes was observed.at certain times. The expefimental
and theoretical results for this: case are summarized in

Tables 4-9 in Appendix‘I,

4.3, -Experiments for the Horizontal Displacement of

Water by 0il

Thevputpose.of these expériments,was to simulate
~thchonditions,of oil spills in sea waters and remove
0il by the polyuretharié sorbents pre-wetted with water,
This set of~experiments was conducted,for’obsérvation of
the penétration of oil‘into the sorbents pre-wetted Qith
water. Here again, the setup in Figure 34was used. Aboutk
15 cm_of the sorbent was wetted with water, énd about 6
cm of the sorbent was immersed into the.right section of
the reser&oir,which contaiﬁsfwater and oil. Then the m05 

vement of oil into the sorbent was observed periodically.
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4.4. The Vertical Penetration Rate Experiments

The purpose of these experiments was to verify the
study of Walline(1974) for.the oils with different pro-
,perties. This set of experiments was conducpgd.for obser-
vatién of the vertical penetrétion of oils into dry poly~
propylene sorbents. In these experiments,_ the setup in

Figure 4 was used. This setup contains two parts: an oil

reservoir, and one hanger consisting of a ruler and the

Sorbent sample.‘Ih these experiments, the height climbed
by o0il into the sorbent was measured. For this pﬁrpose,
the second part was immersed into the oil reservoir at a
certain level, such as h=1 cmv at t;O._ Then the rise of
0il in the sorbent was observed at certain times. Thé ex-
perimental and the theoretical results are summarized in

Tables 10-13 in Appendix I.
4,5, The Vertical Retention Experiments

The purpose of these experiments was to recover the
oils froﬁ the Sorbents\wettéd with oil. The setup shown
in Figure 5 was used to study £heydraining of oils from
polyurethane sprbents wetted with‘Oil.fThe setup consists
of two parts: a reservoir to collect the'oil drained from

the sorbént, and one hanger with a;rulerAand the sorbent

BORAZICI [NIVERSITESI KUTOPHANES
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z//‘ é o 4—\\
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Figure 4. The Setup for the Vertical Penetration

Rate Experimehts..
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Sample. Here the sorbent»éamples were completelybwetted’
with o0il before, then suspended end left to drip. Thus,
the drop in oil height in the sorbent against time was
obserﬁed. The experimental end theoretical‘results for

this case are summarized in Tables 14~19 in Appendix I.



CHAPTER 5

RESULTS AND DISCUSSION
5.1. The Horizontal Penetration Rate Experiments

In these experiments the oil motion into dry poly-
urethane sorbénts was observed up to a critical distance,
after which the éorben@ absorbed water. Then, the weight
.of the'Sorbent‘increasedvand'the sorbent sank-into water.
Dry blaCk_and ofange sorbents could not be used, they ab-
Sorbed water Quickly; therefore, they could not float on
water andvsank, thus the black and orahge sorbents were
soaked with oil in advance,

The experimental and the theoretical results were

piotted'as in Figures 6-8. The model is linear as explai-

ned in Chapter 3, Therefore, the linear curves of the dis-

vtanCeApénetrated:by oil vs, the square root of time were

obtained for both the experimental and the theoretical re- -

-: sults, A sample calculation for the generation of the the-
oretical curves is shown in Table 23 in Appendix IV. The
effect of,Sorbehﬁ’properties‘are'sh0wn in Figures‘G and 7,
for SAE 20W-20'motor.oil and SAE 90W Qéar oil,‘respectivéé
ly. As seen in both oftthesé figures, the oil penetration
"rate increases as porosity and fiber diameter increase.
Figuré 8 shows the effect -of oil properties i SAE 90W gear

’

0il has a lower oil penetration rate than _SAE‘ZOW-ZO
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motor oil. Since the density and the surface tensidn co-
efficients are approximatelyfequal for both these oils,
the difference in o0il penetration raées.must be due to
tﬁe variation of viscosities, which increases by nearly
a factor of 5.5 for SAE 90W gear oil., The slope‘deviati—
6ns from model wererpredicted as‘exp;ained in Table 26
in Appendix IV. These are between 26% and 54% for SAE
20W-20 _mdtor 0il, and be';weexi 12% and 30% for SAE 90W
gear oil as shown in Table 1. Thds,i£ was decided that

this model did not represent the experiments well.

5.2. Experiments for the Horizontal Displacement of

Water by 0il

In these experimeﬁts, the sorbents wetted with wa--
ter were used, but no._oil penetration into sorbents co-
uld be observed. Therefore, no model was developed for
this case. The reluctance of oil in pehetfating the pre-
wetted sorbents can be:eXplained as follows : the surfa-
ce‘ténsioh coefficient of water is greéter'ﬁhan the oils
as shqwn in Table 22 in Appendix III, and the fesisting
force is greater than the driQing force. Thus the water
prevents the oil penetration'into‘sorbeﬁﬁ, and so an ad-
‘ditional fbrce‘is reéuired to push the water’out. Besi-

des, acceleration may not be negligible in this case.
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TABLE 1

COMPARISON OF THE SLOPES

OF THE HORIZONTAL PENETRATION RATE CURVES

Polyurethane Experimental Theoretical Slope

. 5 slope . slope ,, deviation

011. - sorbent (cm/min®?) (cm/min’d) __ (%)

SAE " Green 2.00 3.40 41

20W-20 Grey 1.50 2.60 42

motor  yeijlow 1.25 2.40 48
oil _ ,

'~ Beige 1.28 2.14 40

Black 0.77 1.66 54

Orange - 0.87 1.17 26

.Green J1.08 1.33 ‘19'

SAE ,

oW Grey‘ 1.00 1.14 12

gear Yellow 0.83 1.00 17

0il  Beige 0.77 0.90 14

Black 0.47 0.67 30

orange - 0.50 0.44 14
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'5.3. The Vertical Penetration Rate Experiments

In these experiments, the rise of oil into dry pe-
lypropylene sorbents could be observed up to a critical
height, whefe the gravitational force became equal to the
surface tensien force, and the advance of the oil front
stopped. These ekperimentsbrequired long time periods vé-
rylng from 6 to 10 days. . |

The experlmental and the theoretical results for
'the'distance penetrated by oil were plotted against time
as in Figures 9-11. The model is nonlinear as expleined
in Chapter 3., A sample calculation for the generation of
j the'theoretical curves is shown in Table 24 in Appendix
IV. The effect of sorbent properties are shown in Flgu-
res 9 and 10, for SAE 20W—20 motor 011 ‘and for SAE 90W
gear oil. The effect of oil properties is shown in Fi-
gure 11. As seen in Figures 9-11, the vertical penetra-
tion rate of o0il into eorbents decreases as porosity and
fiber diameter of the eorbent,’and'viseosity of the oil
increase. However, as seen in these figures again,.there
is a quite a bit of difference.betﬁeen the experimentai
the theoretical results indicating that the model used
here do not‘represent the exberimental reSultS'well tAc—;
cording to the Figures 9-11, the polypropylene TyparR
13401. is the best sorbent for this work. Furthermore,

the experimehtalyand the theoretical values of the equi-

r




distance penetrated by oil, L{cm)

1%

10

W

36

N 3301
[ |
| | ,
a .
3356
o
{]
ol g
) ®
|
a
©
‘ ©

[ | ° :

% °

y O © ‘ —— theoretical : ‘
é . : ® O Polypropylene TyparRBBOl(exp.)
P , 00 ” 3356
4 e 3400 #
{5 BN Y 5401z
0 © 1000 2000 3000

_ penetration time, t(min.)

Figure 9, Effect of Polypropylene Sorbent Properties on
Vertical Penetration of SAE 20W-20 Motor 0il.




.10 ¢

distance penetrated by oil, L(cm)

37 ) o 3401

. ——theoretical

® ® pPolypropylene TyparRBBOl(exp. )
(0)@; o ) 335 »
ool " 5400 »

T | | . ) Y7, 3401

o 1000 2000, 3000

penetration time, t(min)
-Figure 10. Effect of Polypropylene Sorbent Properties on
' Vertical Penetration of SAE 90W Gear Oil.




38

theoretical
OO0 sAE 20W-20 0il(exp.)
®@®® 5:1: 500 0il(exp.)

20W-20

90W

|
;‘
|
!
|
|
|
|
|
|
|

©)
- @
Yo T 2000 4000 -t 0 2000 4000
(a) Polypropylene Typar 3301 : (b) Polypropylene TyparR3356
20W-20 . 20W=20

0 2000 4000 .t 0 2000 4000 -t
(c)'Po]ypropylene'TyparR34OO-'_ (d) Polypropylene TyparR3401

Figure 11. Effect of 0il Properties on Vertical Penetration
'  Of 0ils into Sorbents, L:distance penetrated by
oil(cm), tipenetration time(Min.).



39

librium height-of-rise for the o0il samples are shown in
Table 2. These values are higher for SAE 20W-20 motor oil
which has a lower viscosity and agree better for the po-

Vlypropylene\TyparRBBOl-and 3401.

5.4, The Vertical Retention Experiments

In these experlments, the drlpplng(or dralnlng) of
0il from the polyurethane SQrbents could be observed up
to a f1na1(cr1t1ca1) height as shown in Table 3.

The experimental and the theoretical results on the

distance drained by oil were plotted against the retenti-

onvtime-as shown in Figures 12-14. The model is nonlinear
as explained in Chapter 3. A sample calculation for the
generation of the theoretical curves'is shown in Teble'25
in Appendix IV. The effect of sorbent properties for SAE
20W-20 motor oil and SAE 90W gear oil are shown in Figu~
res 12 and 13, respectively. The effect.ef 0il properties
is shown in Figure 14. The oil drainingvrate increases as
porosity_and fiber diameter of the sorbent increase, and
viscosity of the oil decreases, aceording to the Figures
12-14. The agreement between the model and the experimen-—
tal results for green, grey andvbeige polyurethane‘sam-
ples w1th SAE 20W-20 motor 011, and for green and yellow

polyurethane samples with SAE 9ow gear oil is acceptable.



- TABILE 2
COMPARISON OF THE EQUILIBRIUM HEIGHT-OF-RISE VALUES

OF OILS INTO POLYPROFPYLENES

0il Polypropylene Experimental Theoretical

sorbent heq.(cm)‘ heq.(cm)
R Lo ‘
Typar -3301_ 13.5 13.80
SAE R )
OW=20 ~ 3356 6.5 10.80
motor v 3400 16.6 17.70
oil o o
. R - _ _ )
Typar 3301 - 10.8 14.00
SAE :
900 Ve 3356 5.5 10,98
gear #3400 9.8 17.97

oll & 3401 14.4 21.10
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TABLE 3

COMPARISON OF THE FINAL HEIGHTS OF OILS INTO POLYURETHANES

Polyurethane Experimental Theoretical

0il
sSorbent , hfinal(cm) hfina](cm)
Green 0.8 ' - 0.72
_ Grey ‘ : 1.8 1.31
SAE ,
20W-20 Yellow 4.3 1.95
motor - . . ‘
oil Beige 4,4 2.62
' Black 4.9 . 4,21
Orange 4.5 . 7.44
Green 0.8 0.72
Grey . 2.2 1.33
SAE , ) ~
SOW Yellow 4.2 - 1.97
gear Beige ‘ 4.1 ' 2,66
- oil '
Black - 5.1 4,26

Orange 4,8 - 7.55
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

In this study, penetration of 0il into sorbents
has been studied for the purpose of recovering petrole-
~um products spilt in the sea; thus eliminating the pol-
lution of waters. This is important inrpractice for eco-
nomic as well as water quaiify reasons. Here, polyuret-
hanes and polypropylenes, and motor oil and gear oil
were used as sorbents and oils, respectively. four ty-
pes. of experiments were cafriedféut: horizontal penet-

- ration 6f oil,‘horizontal displacementlof water by oil,
vertical penetratibn,qf oil, and ve:ticél retention of
sorbents filled with oil. The models used for the cases
of horizontal and vertical penetration of oils were ta-
ken from Walline(1974) and Lay(lgeoj. The model for the
fourth case was developed on the basis of the works of
Walline and Lay. Since water preveﬁted the penefration
of o0il into sorbent, unsuccessful results were obtained
in the experiments for the displacement of water by oil,
therefore, no mathematical model was developed for the
secohd case. However, mathematical uséd for each of ho-
rizontal penetration of oil, vertical penetration of oil,
vertical fetention of sorbents completely wetted with o-

il did not predict the experimental results well,
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These conclusions can be drawn from this studys

‘1. The porosity, thickness, and fiber diameter of
a sorbent, the viécosity and surface tension coeffici-
ent of an oil, andiﬁhe sorbent/oil.con#act angle are the
signifiCantkparameterskin’the expression developed for
the penetration of oils into sorbents.

2. According to tbe horizontal penetrétion rate
experiments and model, the distance penetrated by oil
viﬁto a sorbent is linearly proportional to the square
root of time, And the horizontal penetration rate of oil
into a sorbent is directiy proportional to porqsity
and fiber diameter of sé;bent,'and inveréely proporti-
~onal to the.viécosity of oil in general.

3. The vertical penetration rate and‘the vertical
retention models are nonlinear. The experimental and>the.
thebretical curves of the distance penetrated by oil vs,’
the timé also verified this behaviour. The‘verfical pe-
netration rate decreases as pbrosity, fiber»diameter and
viscosity increase; and the oil draining raté'on_vertical
retention of the sorbents filled with oil increases with
porosity and fiber diaméter, and decreases with viscosi-
ty, according to tﬁe expefimental and theortical curves,

4, In the éxperiments here, the liquid was stag+
nant., However in practice, the 1iquid(sea_ﬁater) is nbt

stagnant and wets the sorbent continuously. Since water

)



47

érevents the penetration of oil intoASorbent, the appii-
Vcation of this study is difficult in practice.,

For further work, the following are recommended3

1. All models used for theoretical calculations
should be evaluated again. |

2. The physical properties; of sorbents, -esp‘eciallyk
porosity;‘should be checked.

3, The non-horizontal pemetQation rate model sho-
uld be verified experimentélly for different angles of
inclination of flow using various sorbentslénd oils.

4. The horizontal displacement of water by oil
using'vafious other sorbents, not tried here, should be
carried out and modelled. |

6. The ekpefiments should be conducted in as much

a stagnant sea-water environment as possible.




6.

7.
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The experimental prQCedures for thé‘hbrizontal pe-
netration ;aﬁe, the»véftical pénetréﬁion rate, and the
. vertical retention experiments were explained in Chapter
4, and the corrééponding theoreticai models vere expléi—
ned in Chapter 3. The experimental and the théoretical
results can be located in the following tables :
o a, the horizoﬁtal>pénetfatibn rate résuits in
‘Tables 4-9, |
b,.the vertical penetraiion rate résults in
Tables 10-13,

- .. the vertical retention results in Tablésll4f19.
The theoretical reéults?with.$am§1e calculations are‘gif
Ven in Appendix IV. Thé symbolé used for column headings
in these tables have the following méaningsv:

L: the distance penetrated by oil into sorbent,
the initial and the maximum distance of oil in
the sorbent on vertical,retention,v ‘

L -L: the distance drained by oil into sorbent on ver-
tical retention, |

t: the penetration time, or the draining time.
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~ TABLE 4 |
HORIZONTAL PENETRATION RATE RESULTS FOR

GREEN POLYURETHANE AND TWO -TYPES OF OILS

Sample dimensions : 31.6 x 4.0 x 0,330 (cm)

Experimental Theoretical
0i1 1
‘ L(cm) £t(min) t'* L(cm) t(min) ¢t

1 0.25 0.50 1 0.08 0.29

2 0.83 0.91 2 0.34 0.58

3 2,25 1,50 3 Nn.76 0.87

4 3,17 1.78 4 1.35 1.16

B 5 5.75 2,40 5 2.11 1.45
SAE 20W-20 6 6.92 2.63 6 3.04 1,74
‘ 7 9.66 3,11 7 4,13 2.03

motor oil. 8 12.25 3.50 8 5.40 2.32
at 21°C. 9 17 4,12 9 6.83 2.61
10 20 4,47 10 8.43 2.90

11 27 5,20 11 10.21 3.19

. 12 31 5.57. 12 12.15 3.49

13 36 6,00 13 14.25 3,78

14 45 6.70 14 16.53 4.07

15 53 " 7.28 15 18.98 4.36

1 0.75 0.87 1 0.54 0.73
2 3,50 1.87 2 2,15 1.47

3 8.00 2.83 3 4,83 .2.20

4 12.50 3.54 4 8.59 2.93

5 21 4,58 5 13.42 3.66

SAE 90W 6 28 5,29 6 19.33 4.40
, 7 39 6.25 7 26.31 5.13

gear oil 8 49  7.00 8 34,36 5.86
at 21°cC. 9 65 8.06 9 43,49 6.60
10 85 9,22 10 - 53,70 7.33

11 102 10.10 11 = 64,97 8.06

12 126 11.22 12 77.32 8.79
13 155 12.45 13 90.74 9.53

(Always L=0 at t=0)
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| TABLE 5
HORIZONTAL PENETRATION RATE RESULTS FOR
GREY POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions 1 30.6 x 4.0 x 0.341(cm)

. Expé_rvimental‘ Theoretical
0il , 1/

_ L(cm) t(min) _t° L(cm) t(min) 72
1 0.42 0.65 1 0.12 0.35
2 1.50 1.22 2 0.48 0.69
3 3.42 1.85 3 1.08 1.04
SAE 20W-20 4 5,75 2.40 4 1.91 1.38
motor oil - 5 8.83 2.97 5 2.99 1.73
- at 21°C. 7 18 4.24 7 5.86 2.42
8 27 5.20 8 7.66 2.77
9 33 5.74 9 9.69 3.11
10 42  6.48 10 11.96 3.46
13 . 80 8.94 13 20.22 4.50
1 1.42 1,19 1 0.76 0.87
2 5.00 2.24 2 3.05 1.75
3 10.50 3.24 3 6.86 2.62
4 17  4.12 4 12.19 3.49
5 27 5.20 5 19.05 4.36
SAE 90w 6 35 5,92 6  27.42 5.24
gear oil 7 47 6.92 . 7 37.33 6.11
at 21°C. 9 80 8.94 9 61.71 7.86
10 . 100 10.00 10  76.18 8.73
11 123 11.10 11 92.18 9.60
12 157 12.53 12 109.70 10.47

13 182 13.49 13 128.74 11.35
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TABLE 6
HORIZONTAL PENETRATION RATE RESULTS FOR
YELLOW POLYURATHANE AND TWO TYPES OF OILS

Sample dimensions : 30.6 x 4.0 x 0.317(cm)

: Experimental Thegretical
0il »

Licm) t(min) %2 L(cm) t(min) tZ
1 . 1.08 1.04 1  0.15 0.39
2 3.42 1.85 2  0.60 0.77
3 6.17 2,48 3  1.35 1.16
SAE 20W-20 4 9.83 3.14 4 2.40 1.55
) 5 16 4.00 5  3.74 1.93
-motor oil 6 21 4.58 6  5.39  2.32
at 22, 7 28 5,29 7 7.33  2.71
8 36 6.00 8  9.58 3.10
9 48 6.93 9 12.12 3.48
10 64 8.00 10 14.97 3.87
11 78 8.83 11  18.11 4.25
12 96 9.80 12 21.55 4.64
1 1.58 1.26 1 1.00 1.00
2 6 2.45 2 4,03 2.00
SAE 90W 4 23 4.74 4  16.12 4.02
. 5 39 6.24 5 25.19 5,02
gear oil 6 56 7.48 6 36.27 6.02
at 21°C, 7 71 8.43 7 49,37 7.03.
8 86 9.27 8 64.48 B8.03
9 113 10.63 9 81.61 9.03
10 141 11.83 10 100.75 10.04

11 173 13.15 11

121.91 11.04.
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HORIZONTAL PENETRATION RATE RESULTS FOR
BEIGE POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions i1 30.6 x 4.0 x 0.325(cm)

Experimental Theoretical
0il ; v v i),
"L{cm) t(min) 2 L(cm) t(min) t
1. 0.83 0,91 1 0.21 0.46
2 2,75 1.66 2 0.83 0.91
3 5.92 2.43 3 1.87 1.37
4 9.58 3.10 4 3.32 1.82
iﬁﬁozongo 5 13,50 3.67 5  5.19 2.28
at 21°C 6 22 4,70 6 7:48 2,74
* 7 27 5.20 7 10.18° 3,19
8 35 5.92 8 13.30 3.65
9 45 6.71 9 16.83 4.10
10 56 7.48 10 20.78 4,56
11 72 8.49 11 25.14 5,01
12 83 9.11 12 29,92 5,47
13 103 10.15 13 35.11 5,93
1 1.66 1.29 1 1.23 1.11
2 6.92 2.63 2 4,90 2,21
) 3 14.50 3.81 3 11,03 3,32
~ 'SAE 90w 4 22 4,69 4 19.61 4.43
gear oil 5 39 6.25 5 30.65 5.54
at 22°cC. 6 53 7.28 B ) 44,13 6,64
' ’ 7 75 8.66 7 60.07 7.75
8 93 9,64 8 78,46 8,86
9 116 10.77 9 99,30 9.96
10 144 12.00 10 - 122.59 11.07
11 188 13.71 11 148.34 12,18
12 216 14.70 12 176.53 13.29
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TABLE 8

HORIZONTAL PENETRATION RATE RESULTS FOR
BLACK POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions : 31.6 x 3.8 x 0.335(cm)

Experimental Theoretical
oi1 L{em) t(min) _ %  L(cm) t(min) _ €2
‘ "1 . 1.92 1.39 1 0.38  0.61
2 8.17 2.86 2 1.50 1.22
SAE 20W-20 4 26 5.10 4 6.00 2.45
“motor oil 5 36 6.00 5 9.38 3.06
at 21°C. 6 51 7.14 6 13.50 3.67
7 - 71 8.43 7 18.68 4,29
8 99 9,95 8 24.00 4,90
9 134 11.58 9 30.39 5.51
10 166 12.88 10 37.52 6.12
-1 4,25 2.06 1 2.39 1.55
SAE 90W 2 18 4,25 2 9.56 3.09
gear oil 3 38 6.16 3 21.50 4,64
at 21°c,. 4 68 B.24" 4 38,22 6.18
' 5 114 10.68 5 59.73 7.73
6 174 13.19 6 86.00 9.27
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TABLE 9

HORIZONTAL PENETRATION RATE RESULTS'FOR
ORANGE POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions : 30.6 x 3.8 x 0.,300(cm)

Experimental Theoretical

0il L(cm) t(min) _ ¥  L(cm) t(min) _ ¢¥

1 1.42 1.19 1  0.68 0.83
2 5.33 2.31 2 2.72 1.65

3 10.92 3.30 3 6.13 2.48

SAR 20W-20 4 190 4.36 4 10.90 3.30
mg gg,gl 5 32 5.66 5 17.03 4.13
a . 6 44 6.63 6 24.52 4.95
7 66 8.12 7 33.37 5.78

8 90 9.49 8 43,59 6.60

9 122 11.05 9 55,17 7,43

10 152 12.33 10 68.11 8.25

11 192 13.86 11 82,41 9,08

: 1 3.92 1.98 "1 5.06 2.25
SAE 90W 2 16 4.00 2 20.22  4.50
gear oil 3 37 6.08 3 45,50 6.75
at 20°C. 4 69 8.31 4 80.89 8,99
_ 5 110 10.49 5 126.39 11.24
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TABLE 10
VERTICAL PENETRATION RATE RESULTS FOR
POLYPROPYLENE TYPARY 3301 AND TWO TYPES OF OILS
- Sample dimensions : 31.6 x 4.8 x 0.0éﬁ(cm)'

Experimental = . Theoretical

01l L({cm t(min) L(cm) t(min)
0.7 5 1 2.4
1.5 15 2 10.1
2.2 38 4 45,5
2.7 68 6 117.6
. 3.4 128 8  248.5
. 4.0 188 10 4882
SAS 20W=20 4.8 308 12 1004
moto ot 5.4 428 13 1624
-3¢, 8.2 1328 13.5 2378
| . 9.2 1868 13.8 4178
10.4 2948 |
11.7 4418
13.1 7328
13.5 - 8768
1.0 15 2 57.3
1.4 33 a  257.3
1.8 63 6 663.7
2.3 123 8 1396 -
2.6 183 10 2719
SAE 90W 3.1 303 10.8 3553
gear oil 3.6 423 12 5472
at 26.5°C. 5.7 1323 13 8258
6.3 1868 14 23816
7.1 2943 o
7.9 4413 ,
9.3 7323
9.8 8763
10.5 11643
10.8 14523
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TABLE 11

VERTILAL PENETRATION RATE RESULTS FOR

POLYPROPYLENE TYPARR 3356 'AND TWO TYPES OF OILS

Samp1é diménSionS : 31.6 x 4.9 x 0.032(cm)

Experimehtal - Theoretical

0i1 ‘L{em)  t(min) L(cm)  t(min)
0.9 5 1 2.0
1.4 20 2 8.3
1.9 40 3 20.2
2.4 70 4 39.1
2.8 100 5 67.2
iﬁﬁoﬁqufp 3.3 160 6 108.1
at 26°C 3.7 : 220 - 6.5 135.0
at . 4.1 340 8 257.4
4.4 460 9 404.,1
5.1 1425 10 702.8
5.8 2865 10.5 1080 .
6.2 4485 10.8 2153
6.5 7245
0.5 6 1 11.5
0.9 21 2 49.0
1.2 36 3 119.0
1.5 66 a 229.9
1.8 96 5 394.5
gzgi W 2.2 156 5.5 502.7
gear os 2.4 216 7 977
. 2.8 336 8 1490
3.1 456 9 2311
3.9 1421 10 3890
4.6 2861 '10.5 5604
5.1 4481 10.9 9972
5.4 7241 |
5.5 8621
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TABLE 12 .
VERTICAL PENETRATION RATE RESULTS FOR

POLYPROPYLENE TYPAR® 3400 AND TWO TYPES OF OILS

~ Sample dimensions s 32.0 x 4.8 x 0.034(cm)

Experimental Theoretical
o1l Lcm)  t(min) L(cm)  t(min)
1.1 15 2 11.9
1.8 35 4 ' 51.8°
2.5 65 6 '128.8
| 3.0 .95 8 - 256.0
v » 3.7 155 10 459,5
SAE 20wW-20 4.9 275 12 78142
motor ogl 6.3 515 .14 1328
‘ at 25,5 C. “ 9,1 1415 16 . 2465
10.1 1955 16.6 3150
11.4 2975 17 3878
- 12.8 4415 17.5 5916
‘14,1 5855 17.7 10930
15.0 7295
15.9 10085
16.4 11525
16.6° 12965
0.6 5 1 16.2
0.9 15 2 67.4
1.2 35 4 294,1
1.6 65 6 729.4
2.0 96 8 1450
2.2 155 9.9 2515
3.1 275 12 4373
SAE 90W 4.0 515 14 7360
giarso;% - 5,8 1415 15 9720
at 25.5°C. 6.5 1955 16 13292
7.2 2975 17 = 19853
8.0 4415 17.9 45392
8.5 5855 '
8.9 7295 .
9.5 10085
9.8 11525
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"TABLE 13
VERTICAL PENETRATION RATE RESULTS FOR
POLYPROFPYLENE TYPARR 3401 AND TWO TYPES OF. OILS

Sample dimensions : 31,6 x 4.9 x 0,031(cm)

Experimental Theoretical
01l L{cm) = t(min)  L(cm) t(min)
1.0 5 1 3.1
2.1. 18 2 13.0
2.9 38 . 4 55,9
3.6 68 ' 6 - 136.4
4.8 128 8 265.3
S 5.6 188 10  459.3
SAE 20W=20 6.9 308 12 745.1
motor oil 7.9 428 14 1170
at 26.5°C. 12.0 1328 16 1834
13.5 1868 18 3000
15.3 2948 200 6057
17.1 4418 20.4 . 8613
19.3 7328 20.7 11609
- 20.0 8768
20.4 11648
0.7 5 1 17.8
1.3 15 2 73.8
1.7 33 4 316.9
2.2 63 6 771.8
2.9 123 8 1499
3.5 183 10 2588
gzgi 22? 4.3 303 12 4184
2 4.9 423 14 6541
at 26.57C. 7.8 1323 14.4 7299
8.8 1863 16. 10168
10.1 12943 18 16358
11.1 4413 20 30794
12.6 7323 21.1 115581
13.3 8763

14.1 11463
14.4 12903
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TABLE 14 .
VERTICAL RETENTION RESULTS FOR
GREEN POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions s 31.0 x 3.7 X 0}330(cm)

. Experimental Theoretical

011 Li-L(cm) t(min)  Ly-L(cm) t(min)
2 0.08 2 0.10
3 0.12 3 0.16
4. 0.18 a 0.22
SAE 20W~20 5 0.23 5 0.27
S oL Il 7 0.33 7 . 0.38
e oF. 200 8 0.42 8 0.44
2 Lo 10 0.50 10 0.55
12 0.66 12 . 0.68
13 '0.75: 13 0.75
14 0.83 14 0.85
14.2 = 0.92 14,2 0.90
14,28 0.96
1 0.33 1 0.34
2 ' 0.58 2 0.69
3 0.92 3 1.03
SAE 90W 2.5 1.33 5 1.73
) 1.83 6 2.08
gear oil 8 2.50 8 2.80

at 25°C., ) *
10 3.33 10 3.54
12 4.00 12 4,34
13 4,42 13 4.84
14 4,92 14 5,47
14,2 5,17 14.2 5,80
14.28 - 6.43

lL '-'J.SCm.
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- TABLE 15
VERTICAL RETENTION RESULTS FOR
‘GREY POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions : 31.0 x 3.7 x 0.341(cm)

Experimental ' The‘oretical

0il Lg-L(cm) t(min) Lg-L(cm) t(min)

1 0.25 1 0.20

2.5 0.50 2. 0.41

| 4.5 0.75 4 0.82
| 6 1.00 6 1.24.

meawn § TR f 1B
| motor.ott 10 1.75 10 2.16
. 11 2.00 11 2.42

: 12 2.33 12 2.71

13 2.82 13 3.11

13.2 3.00 13.2 3.23

13.69  4.56

1 0.83 1 1.27

1.5 1.17 2 2.55

2.5 1.83 3 3.83

3.5 2.33 4 5.14

SAE 90W 4.5 2.92 5 © 6.45
at 25°C. 7.5 4.50 8 10.56

« 9 5.75 9 © 12.00

10.5 6.50 10 13.53

11.5 7.50 11 . 15.17

12.5 8.75 12 717.03

12.8  11.50 12.8  18.95

| 13.67 28.43

lL -15cm.
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TABLE 16
VERTICAL RETENTION RESULTS FOR
YELLOW POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions s 31.0.x 3.7 x 0.317(cm)

Experimental Theoretical

0i1° Li-L(em)  t(min) Ly-L(cm) t(min)
0.7 0.75 1 - 0.46
1.5 1.42 2 0.92
2.5 2,25 3 1.38
3.5 . 2,75 4 1.86
4,5 3.50 5 2.34
SAE 20W-20 5.5 4,00 6 2.84
motor oil 6.5 4,75 7 3.35
at 26°C. 7.5 5.50 8 3,88
~ 8.5 " 6.50 9 4,45
9.5 7.50 10 5.06
10.6 11.00 10.6 5,46
10.7 13.50 12 6.66
13.05 11,00
1 3.00. 1 3,20
2 5,50 2 6.43
2.5 7.00 3 9,71
3 8.50 4 13.04
: 3.5 10.00 5 16,44 .
9223 222 a 12.00 6 19.93
. 6 17.83 8 27.27
7 21,33 9 31,24
7.5 23.66 10 35.56
8.5 27.50 ~10.5 37.91
9.5 32,00 10.8 39.44
10.5 '37.83 12 46,97
10.8 46.00 13.03 69.50
lL =15cm.,.
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TABLE 17
VERTICAL RETENTION RESULTS FOR
BEIGE POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions : 31.0 x 3.7 x 0.325(cm)

Experimental - Theoretical -

0il Lé-L(cm) t(min) Ly-L(cm) t(min)
1 1.00 1 0.89
2 2.17 2 1.80
3.5 3,25 4 3.67
o | 5 4,42 5 4.64
’ 7 . 6.17 7 6.71
iﬁiéﬁoggio 8 7.33 8 7.83
b 26%0 9,5 9.25 9 . 9,06
. 10 . 9,92 10 10.46
10.4 11.50 10.6 11.46
10.6 14.50 11.5 13.46
’ 12.38 25,52
0.7 2.00 1 5.60
1.5 4.00 2 11.29
2.5 6.75 3 © 17.09
A : 3.5 9.08 4 23,04
SAE 90W = 4 10.75 5 29.16
gear oil 5 - 12.25 6 35.50
at 25°C. 6 14.75 7 42,16,
7 17.25 8 49.24
8 19.25 9 57.00
9 23.50 10 65.88
9,8 27.17 10.7 73.39
10.7 48,42 10.9 75.88
10.9 65.88 12.34  157.49
lL =15cm,
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TABLE 18
VERTICAL RETENTION RESULTS FOR
BLACK POLYURETHANE AND TWO TYPES OF OILS

Sample dimensions : 31.0 x 3.7 x 0.335(cm)

Experimental ; ‘"Theoretical

0i1 Ly-L(cm) t(min)  Ly-L(cm) - t(min)
1 2.66 1 3.29
3 6.83 3 10.20
4. =~ 9.00 4 13.89"
: 5. 11,17 5 17.79
SAE 20W-20 5.5 13,00 6 22.00
motor oil - - 6.5 16,00 7 26.62
at-.25°c, 7.5 20,75 8 31.96
g 8.5 25.50 9 38.65
9.5 35,58 10 49,00
10 48,00 10.1 - 50,64
10.1 88.00 10.79 102.81
0.8 9 1 19.50
1.2 14. 2 39,64
2 24 3 60.55
_ 2.5 31 4 82.45
SAE 90W 3.5 43 5 105.66
gear oil 4" 54 6 130.69
at 25°C, 4,5 69 7 158.40
‘ 5.5 86 8 190.49
6.5 113 9 231,00
7.5 135 9.9 286.51
8.5 165 10.74 566.80

9.5 193

9.9 223

lL =15cm.
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TABLE 19
VERTICAL RETENTION RESULTS FOR
ORANGE POLYURETHANE AND TWO TYPES OF OILS

Sample ‘dimensions : 31.0 x 3.7 x 0.300(Cm)

Experimental Theoretical

0il Lg)'-L(cm) t(min) Ly-L(cm) t(min)
1 6 1 15.8
2 12 2 32.9
3 16 3 51.9
4 22 4 73.7
SAE 20W-20 6 27 5 "100.1
motor oil 7.5 32 6 140.8
at 26°C. 9 . 40 7 202.0
10.3 62 7.56 512.4

10.5 90
1 14 1 94,3
2 24 2 196.6
SAE 90W 3 31 3 310.7
gear oil 4 38 4 442.4
at 26°C, 5 52 5 604 .0 .
6.5 74 6 827.6

8.5 94 7 1271
9.5 122 7.45 1617
10 165
10.2 212
lL =15cm.
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SORBENT PROPERTIES
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TABLE 20
SORBENT PROPERTIESY’?
| . Fiber | .3
Sorbent  Porosity diameter Thickness 0il capasity
- (8) de(cm)  t_(cm) 20W-20  90W
Polyurethane _ _ : , :
creen? - 0.92 0.0131  0.330 0.41  0.71
crey? 0.90 0.0090  0.341 0.83  0.98
Yellow®  0.93 0.0041  0.317 1.07 1.12
Beige® 0.91 0.0040  0.325 1.14 1.14
Black 0.78 0.0071  0.335  0.91  0.92
orange 0.70 . 0,0061  0.300 0.80  0.80
Polypropylene - - '
Typart3301  0.57 0.0041  0.026 - 0.54 —
#3356 0.58 0.0050  0.032 — —
# 3400 0,53 0.0042 = 0.034 - _
# 3401 0,51 0.0039  0.031 - —

The permeability constant for polyurethane and poly-
propylene : k=5, |

lPolyurethane sorbent properties were measured by Walli-
ne(1974) in University of Colorado in U.S.A.

2Polypropylene sorbent pfoperties were measured by Lay
(1980) in University of Colorado in U.S.A..

3Sorbent's oil capacity=

0il volume
Void volumeXlOO%'

4In green and grey samples, there was o0il loss due to
dripping, therefore these reported capacities are lo-
wer than 1.0. .

51n yellow and beige samples, since the o0il clung to

the outside of the sorbent, the reported capacities
are higher than 1.0.
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TABLE 21

1,2

DENSITIES OF OILS USED

Oils Density at 20°C
g(g/bm )
SAE 20W-20 0.884

(motor oil)

SAE 90W | 0.900
(gear oil)

lrhe data was obtained from Mobil 0il Company in Istanbul.

2'I‘he 0il densities were assumed to be constant at all

temperatures,
VISCOSITY CONVERSIONS

Dynamic Viscosity=Density x Kinematic Viscosity

(Po}se) = (g{CC) X (Stoke)
’ ]
g _ g cm2
= (—5) x (=)
cm sec cm ec

For SAE 90W gear oil at 25°C (Figure 16)
Kinematic viscosity=500 cs=5 stokes

Density =0.900 g/cm>
Dynamic viscosity=(5).(0.900)=4.5 Poise
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Figure 16, Viscosity-Temperature Chart for SAE 90W Gear 0il,
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SURFACE TENSION COEFFICIENT MEASUREMENTS

The surface tension coefficients of oils used and
water were measured in Chemistry Department Lab. of Bo-
gazigi University(Table 22). For this purppse; a surface
tensiometer apparatus-was'used(Figure 17). This appara-
tus consists of four parts : a liquid reservoir, a wire-
‘riﬁg system, a mirror, and a scale which Shows the Qalu-
es ofvsﬁrfacevtension coefficients in dynes/cm.

_The>working procedure of this apparatus is as
follows -1

1. THE‘wire—ring is immerséd into the o0il in a
beaker. Then the zero-balance of the wire-ring is adjus-
ted in the ﬁirrbr by turning switéh‘l.

2. The dial of this apparatus is‘turned on by
switch 2 until the o0il sphere of the wire-ring breaks
out. Theﬁ the value of surface tension coefficient,is

read in dyhes/cm from the scale of the apparatus.
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TABLE 22

SURFACE TENSION COEFFICIENTS OF QOILS USED AND WATER

Fluids

Surface tension coefficient

E(dynes/cm) at 22°C

Measurements

1

___Average

Water/Air

65.8
65.4
65.5
65.7

65,6

SAE 20W-20

(motor oil) / Air

36.0

36.1 -

35.9
36.0

36.0

SAE 90W
(gear oil)/ Air

37.3
37.1
37.2
37.2

37.2

"SAE 20W-20

Water / motor oil)

- 32.8
33.0
33.2
33.1

33.0 -

SAE 90W

Water_/(gear oil)

29.9

29.8
29,7
29.8

29.8

1Surface tension coefficients were assumed to be
constant with respect to temperature changes.
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TABLE 23

A SAMPLE CALCULATION USING
THE THEORETICAL HORIZONTAL PENETRATION RATE MODEL

Examples Yellow polyurethane and SAE 20W-20 motor oil
‘ (see Figures 6 and 8).

‘Values of parameters used in the calculation

Parameters Values Tables used
k 5 . 20
& 0.93 20
d, 0.0041 cm, _ ., 20
tS 0.317 cm. : : 20
w 3.7 cm, : . 6
T 22°c. ; 6
9 0.884 g/bm? ‘ 21
R 95cs=0,.84 poise. @ Figure 15,
e 36 dynes/cm, 29
parameters calculated
ko= %é%:ﬁll{ 1566.0 dynes/cm?
f
25(ts+w) 5
K & 246.6 dynes/cm”
27 kW |
2
16kp(1—6) 4
k4= 55 22648 dynes-sec/cm |
€° ag 4
12, X4
t='§L (E—_E_) 858.3 sec.=14.3 min. at L=10 cm.
17 2. .

3,78(min)’*
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TABLE 24

A SAMPLE CALCULATION USING
THE THEORETICAL VERTICAL PENETRATION RATE MODEL

Example: Polypropylene TyparR 3301 and SAE 20W-20 motor
oil(see Figures 9and 11).

Values of parameters used in the calculation

Parameters Values - Tables used
k 5 ' . ' 20 -
£ 0.57 _ 20
dg 0.0041 cm, 20
tg 0.026 cm. : 20
Y 4,9 cm, ' 10
T 26.5°C 10
9 0.884 g/cm>. , 21
B 78cs=0,69 poise. Figure 15.
5 36 dynes/cm. ' 22

.parameters calculated

K, = 8(1-€)¥ . 9619.4_dynes/cm2.
VA df.
25(t _+w) 5
k2- '—E—S—;—— 2783.9 dynes/cm”.
Ky= gaf 493.8 dynes/cm>,
16kp(1-8)2 . | 4
k4= - 1868782 dynes-sec/cm ,
EZ d2 , : )
' £
K, -k
_ 1 72
K,=-k k. -k L :
t=k,|—s—2in(—=—2—) - —| = 29292 sec=488.2 min.
k3 kl-kz—kBL k3 a§ L=10 C@.




A SAMPLE CALCULATION USING
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TABLE 25

THE THEORETICAL VERTICAL RETENTION MODEL

(see Figures 13 and 14).

Examples Green polyurethane and SAE 90W gear oil

* Values of parameters used in the calculation

Parameters - “Values Tables used
k 5 20
€ 0.92 20
df 0.0131 cm., 20
tg 0.330cm. 20
w 3.7 cm, 14
T 25°C. 14
9 0.900 g/cm>. 21
B 500cs=4.5'poise. Figure 16
¥ 37.2 dynes/cm. - 22
parameters calculated
K, = %&l§§l§; 578.8 dyhes/?mz.
K= ggE - 811.4 dynes/me.
16kp(1-€)2 4
k4= 82 d2 . 15862 dynes-sec/cm’,
A f
hfinal=-{-§-— 0.72 cm.
Ly-L K k, =k, Lg
+— in(— ) 103.8 sec=1.73 min.
k3 k3 o kymkgb L=10. cm.

=15 cm.)
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TABLE 26

A SAMPLE CALCULATION FOR THE SLOPE DEVIATIONS

Example: Beige Polyurethane and SAE 20W-20 motor Qil

(see Figures 6 and 8).

Parametérs ’ Valueé
Theoreticél slope 2.14
Experimental slope' | 1.28
Slope deviation %1 | )40 % |

1

Theoretical slope-Experimental slope,,
~ »

Slope deviation % % Theoretical Slope
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DERIVATION OF THE EXPRESSION OF WETTED SURFACE AREA
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It was assumed that the fibers which make up the
material have a large length(L) to diameter(af) ratio.
. Let ' S= the wetted surface area per unit volume of

the porous material.

total fiber area ’ ,
S= - (1—6)

total fiber volume

2
N(ﬂde_— 2ﬂdf/4)

S= 5 (—€)
Ntndf/4)L
4-2d_/L
s= ——L— (1-6)
dg

For df«L, df/L term will be very small, therefore i

gz 4(1-6)

de

l4alline,1974.
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