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ABSTRACT 

This study was initiated to-absorb petroleum spillS 

in sea waters. For this purpose, polyurethane and polypro­

pylene were used as sorbents, and SAE 20W-20 motor oil and 

SAE 90W 'gear oil were used as oils. To observe the penet-

ration of oils into sorbents, four groups of experiments 

were carried out I the horizontal penetration of oils ihto 

dry polyurethanes, the horizontal displacement of water 

from polyurethanes(pre-wetted with water) by oil, the ver-

tical penetration of oils into drypolypropylenes, and the' 

vertical retention of oils by polyurethanes(pre-wetted 

with oil). 

Sorbents are characterized by their porosities, 

thickne~ses, and fiber diameters. Such properties of .the 

sorbents used were obtained fro~ the literature. The im­
\ 
I 

portant proPerties of an oil are the density, the visco-
I 

\ 
sity and the' surface tension coefficient. The values for 

the density and t~ viscosity of oils used were supplied 

by Mobil Oil Company in Istanbul. The surface tension co­

efficients of these oilS also were measured in Bogazi~i 

University Labs. The s orbe nt/oil contact angle, which is 

another impo\tant parameter, was taken as zero by assuming 

that the sorbents were completely wetted with oil. 
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A linear model, developed in literature for the ho­

rizontal penetration of oils into sorbents, was used in 

this study, and the experimental results obtained in this 

study did not agree with this'model. Here, the distance 

penetrated by oil into sorbents was observed to:; be direct­

ly proportional to the square root of time. 

In addition, the horiz~ntal displacement of water 

from sorbents by oil was also studied here. The polyuret­

hane samples(pre-wetted with water) did not absorb oil, 

that is, water prevented the penetration of oil into Sor­

bent. Therefore, the displacement of water from sorbents 

by oil could nb~ 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 verticalpenetratjon rate model, taken from the 

literature, is nonlinear. The vertical retention model, 

whiCh was·deve~oped in this,study, is also nonlinear. The 

experimental and the theoretical results showed that both 

the vertical penetration rate and the vertical retention 

were nonlinear. In the vertical penetration rate experi­

ments, the rate at which oil climbed up the soroont was 

measured. In the vertical retention experiments, the rate 

at which oil drained from the sorbent was measured. The 

evalua.tions were based on these measurements. 
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YAGIN SORBANTLARA NUFOZUNUN iNCELEN~S± 

OZET-

Bu c;a11§rna denizlerdeki petrol tirtinlerinin dOktintti-

Ip.r ini telllizlemek i<;in ba§lat11m1§t1r. -Bu ama<;la sorbent-

olarak politiretan ve po-lipropilen,yag olarak da. SAE 20W-

20 motor yag1 ve SAE 90W di§li makina yag1 kullan11m1§t1r. 

Burada, yag1n ntifQzed~§ini_gozlemek tizere 4 grup deney 

yap11m1§t1ra Kuru politiretanlarda yag1n yatay ntifQzu, on-

ceden su lIe 1slat1lm1§ politiretanlardan suyun yag ile 

at1lmas1, kuru polipropilenlerde yag1n dikey ntifilzu, ve 

onceden yag ile l.slat1lrn1§ politiretanlarda yag1n dikey§e­

kildebeklet;ilmes.i. 

Sorbantlar porozite, ka11n11k ve lif c;aplar1 ile be-

lirlenir. Kullan11an sorbantlara ait buozellikler kaynak­

lardan a11nm1§t1r. Yag1ri onemli ozellikleri yogunluk, vis­

koziteve ytizey gerilirn katsaY1s1d1r. Kullan1lan yaglar1n 

yogunluk ve viskozite degerleri istanbul'daki Mobil Petrol 
- . 

§irketi'nden ternin edilmi§tir. Bu yaglarl.n ytizey gerilim 

katsaYllar1 ise Bogazic;i tiniversitesi Laboratuvarlar1'nda 

oI9tilmli§ttir. Diger bir onemli parametre olan sorbant/yag 

temas aC;l.Sl, sorbantlar1n yag ile tarn 1s1and191 kabul edi-

Yaglar1n sorbantlara yatay ntifuz edi§ini belirlemek 

lizere, kaynaklarda gefi§tirilen dogrusal model bu <;al1§ma ... 

vi 
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da da kullan1lm1§ ve bu 9al1§mada elde edilen deneysel 

sonu9lar1n bu mQdel ile uyumlu olmad1g1 gortilmti§ttir. Bu­

rada, yag1n sorbanta ntifuz ettigi mesafenin zaman1n kare 

kokil ile dogru orant1110ldugu da gozlenmi§tir. 

Ayr1ca, burada suyun sorbantlardan vag ile yatay 

olarak at1lmas1 tizerinde de c;aI1§1Id1. Onceden su ile"1s­

lat1lm1§ politiretan numuneleri yag1:emmediler, ba§ka bir 

deyimle, su yag1n ntifQ~ etmesini engelledi. Bu ytizden, 

sorbantlarda suyun Vag ile yer degi§tirmesi ba§ar1Iamad1. 

Islanmalar1 onlendigi takdirde sorbantlar1n deniz sular1 

tisttindeki yaglar1 toplayabiiecekleri soylenebilir. 

Kaynaklarda geli§tirilmi§ olan dikey nufQz h1Z1 mo-

deli dogrusal degildir. Bu c;aI1§mada geli:;;tirilmi§ olan . i 

dikey tutma modeli de dogrusal degildir. Deneysel ve teo-

rik sonuc;lar hem dikey nlifuz h1z1, hem de dikey tutman1n 

dogrusal olmad1g1n1 gostermi§tir. Dikey ntifuz h1z1 deney-' 

lerinde yag1n sorbanta t1rmanma h1z1 olc;tilmli§ttir. Dikey 

tutma deneylerinde ise yag1n sorbanttan akma h1z1 olC;til­

mli§ttir.Degerlendirmeler bu olc;i.imlere gore yap1Im1§t1r. 
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I surface tension force responsible for oil pe­
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oil penetration(dynes/cm2 ), 
. . 

shear for:ce which is the major resistance to 

oil penetr~tion( dynes/cm2 ) , 

1 gravitational force which opposes oil penetra­

tion. when flow is non-horizontal (dynes/cm2 ) , 

I gravit~tional acceleration(;980 cm/sec 2 ), 

I equilibrium height-or-rise of oil into sorbent 

(em) , 

I final height of oil into sorbent in vertical 

retention(cm) , 

1 permeability constant, Carman-Kozeny equation 

coefficient, dimensionless(=5 for polypropylene 

and polyurethane), 

Kl ,K 2 ,K 3' I. parameters in eq.(4), 
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xiv 

)\ . 
. c. , r: 



m 

s 

t 

V' 

w 

.6P 

I distance drained by oil into sorbent in verti-

cal retention(cm), 

I mass of oil penetrating into sorbent per unit 

cross-sectional area normal to flow(g), 

I wetted surface area per unit volume of sorbent 

(em-I) , 

• penetration time, or retention time(sec, min), 

I sorbent thi~kness(cm), 

I superficial liquid, velocity in the open crass-

sectional area(cm/sec), 

I observed velocity of the oil front(cm/sec), 

I sorbent widt.h( em) , 

I angle of inclination of sorbent with vertical 

(deg. ), 

I sorbent/oil contact angle(deg.), 

I angle between fibers and moving liquid front 

(deg. ) , 

I liquid viscosity(poise), 
. 3 

I liquid density(g/cm ), 

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

I pressure. difference(dynes/cm2), 

xv 

i 'c. 
I, 
, , 



CHAPTER 1 

INTRODUCTION 

Due to various accidents, petroleum and its products 

are spilt into the water bodies, especially the seas, cau­

sing' major environmental problems. The removal of the pet­

roleum products from the seas is very crucial for the sur-

vival of the biota in the water, and for the cleaning of 

,the environment as well as for the recovery of the petro­

leum products for use. The effective techniques for the 

cleaniIJg of oil spillS' should not be expensive for appli-

cations in practice. 

The mechanical collecting equipments, the scrapping 

equipments, sinking agents, emulsifiers or dispersants, 

surfactants, and sorbents are 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 the slicks. Dispersants can break up the oil to a 

point where microorganisms can digest it •. However, spilt 

oil is not recoverable when these methods are used alone. 

Sorbents, which absorb or adsorp oil, can provide a 

quiCk and effective way of removing oil from waters. Sor-

bents should be oleophilic, hydrophobic, absorbtive or ad-

. sorptive., inexpensive, and should have a very large oil 

retention capacity. A sorbent'should be able to float in 
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every condition and no oil shOuld leak after the sorbent 

is cleaned from oil by compression. The principal advanta­

ge of. the floating sorbents is that they show little or no 

toxicity.towards marine life since they are removed total-

ly from the marine environment. 

The synthetic polymeric materialS, especially poly­

urethane and polypropylene, are the most efricient sorbents. 

The synthetic sorbents.can be used by spreading over an oil 
. 

covered body of water, or in devices such as ,continuous 

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 scrappers or wheels. Polyurethan~s with their 

foamy structures are widely used as sponges, and have very 

low densities, high elasticities, large oil retention capa-

cities, and high oil-sorption rates. The foams consist of 
. 

the po'lyurethane fibers, and resemble a. three .dimensional 

fish network structure •. Polypropylenes are also made of the 

synthetic fibers, and have advantages similar to polyuret­

hanes. however their structures resemble that of woven tex-

tile. Since the synthetic sorbents.are light-weight mater~­

als and compressible, they can be. reused. Furthermore, they 

are inexpensive and can be transported easily. 

. The oil is penetrated into sorberit· horizontally and 

vertically. The horizontal and vertical penetration of o.ilS 

into polypropylenes and polyurethanes were studied before 

; I 
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by Wal1ine(1974) and Lay(1980). Since the 'sorbents would 

be reused and pre-wetted with water and oil in practice, 

the experiments by sorbents pr.e-wetted with water and oil 

should be carried out. Also the oil should be retained 

until the sorbentwas taken out of the sea water with oil 

and the oil was recovered from sorbent. 

In this study, the horizontal and vertica1penetra­

tion rate experiments.wi11 be repeated to verify the stu­

dies of Lay(1980) and Wa1line(i974) for the same polyuret­

hanes and po1ypropy1enes, and for the oils with different 

properties. Considering the fact that sorbents used in 

practice are wetted with water, the studies of Lay and 

Wa11ine will be extended by additional horizontal penetra,­

tion rate experiments using polyurethane sorbents pre-wet­

ted with water. Furthermore, tiE vertical retention expe­

riments of oils in polyurethanes will be carried out to 

find the rate at which oil drained from the sorbent. 



CHAPTER·2 

REVIEW OF PREVIOUS WORK ON PENETRATION OF OILS 

INTO SOR.BENTS 

A review or the literature on penetrat10n of oilS 

into sorbents indicates such sorbent properties as poro~ 

sity, fiber diameter, thickness, capacity, floatability, 

reusability, and such 9il properties as density, viscosi­

ty, and surface tension coefficient to be important. In 

addition, sorbent/oil contact angle and oil-sorption rate 

of the sorbent are' found to be significant. The previous 

work on penetration of oil into sorbents may be summari-

zed as follows , 

washburri(l92l) 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, 

L= \ / ts' r cose\ f2. 
V 2 P 

where r= the radius of the capillary, 

L= the depth of penetration of liquid, 

~=. the surface tension coefficient of liquid, 

p= the absolute viscosity of liquid, 

t: the penetration time, 

-9= the sorbent/liquid c~ntact angle • 

. To obtain a useful relationship, Carman used the 

Carman-Kozeny equation(Walline 1974 J Lay 1980) whicQ is. 
.1 
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given by • 

where 

(-& ) 

L 
(2) 

v= the superficial liquid veloc~ty in the open 

cross-sectional area, 

k;; the permeability constant(=5 for polypropylene 

and polyurethane), 

E~ the porosity, or void fraction of porous mate-

rial • it is the area available for flow per 

unit cross-sectional area, 

S= the wetted surface area per unit volume of po-

rous material, 

~P= the pressure difference. 

This equationprdvides a basis for relating rate of flow 

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

Walline(1974) developed models to predict the oil-

sorption rate into polypropylene sorbents for the .horizon­

tal and vertical penetration cases. These models were ba­

sed on penetration indqced by surface tension with res is-

tances due to gravity and shear forces. The polypropylene 

structure, which consists of randomly oriented fibers, 

effects the liquid penetration as following I 

"Desired Surface Force::;:(Sinp)x Total Surface Force" 

where surface force is the driving force and J3 is the ang­

le between the fiber and the moving oil front because of 

orientation. 
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. In the horizontal case, Walline's model results in 

the following expression for the distance penetrated by 

oil into a sorbent strip (L) ~ith time (t) a 

~ . dfE '6 cose\ ¥2 
L-=-- t 

, (l-E>ll k p 
(3) 

where df is the average fiber diameter of the sorbent. 

Walline measured sorbent properties and oil-sorption ca­

pacities using different types of pol~propylenes (see Ap­

pendixII). He also measured oil properties and oil-sorp­

tion rates. He verified that the distance penetrated by 

oil into sorbent was directly proportional to the square 

root of time. He observed that the horizontal rate expe-

ments were in agreement, especia~ly for polypropylenes of 

TyparR 3400 and 3401. 

In the, vertical case, Walline's model results in 

the following expression for the distance penetrated by 

oil into a sorbent strip (L) with time (t) I 

[ 

Kl Kl 
t -·K -InC )-

3 K2 K' -K L 
,'2 1 2 

'M s cose 
K'l= JT where , 

g= the gravitational 

_ k: Jl s2 
K 3- . €2 

'S:. 4(1-C) 
d f 

acceleration, 

$= the angle of inclination of floW, 

3= the oil density. 

(4) 

I 
I 
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Available non-horizontal rate data were not taken in Wal-

line's study, so the eq.(4) could not be verified experi­

mentally. Ho~ver, when Walline compared the horizontal 

and non-horizontal models, he found that these results 

were in. close agreement. 

Lay(1980) developed models for penetration of oilS 

into polyurethane foams for the horizontal and vertical 

cases. These models are based on Walline's models(1974). 

In the horizontal· case, Lay's model results in the follo­

wing expression for,L witht • 

(5) 

Lay measured sorbent properties and oil-sorption capaciti­

es using different ty~s of polyurethanes(see Appendix II). 

She also measured oil properties and oil-sorption rates. 

She verified that the distance penetrated by oil into sor~ 

bent was directly proportional to the square root of time 

as in Walline's study(1974). She found that the model was 

in agreemerit with the experiments. 

In the vertical case; Lay's model results in the 

fOl·lowing expression for Land t • 

. (6) 



8 

where k1= 
8{1-E) ~ cose 

k3= S g f:: Cos$, n df 
, 

2lS' (t;s +w) k- 16k)! {1:"El 2 

k 2- 4 62 d 2 o ' 

tsw 
, 

f 

She could not obtain~uccesfu11 results in this case, 

since the maximum height climbed by oil into sorbent was 

only 2-3 cm. 

Comparison of Lay's expressions with Wal1ine's ex-

press ions shows that there is a correction term due to 

the addition or the exterior surface tension force which 

resists the oil penetration into a sorbent. In the studi-

es of Wa11ine(1974) and Lay(1980), deviations from pre. 

dictions are due to errors in calculating porosity from 

fiber and pore diameter measurements, and from slight in-

c1inations of the sorbent strips when measuring horizon­

tal penetration rates of oils !rito sorbents. 

According to West(1980), when porosity and fiber dia-

meter of a sorbent are increased, the oil penetration ra-

te into a sorbent increases J however, the oil retention 

capacity of the sorbent decreases. To increase both the 

oil penetration rate and the oil retention capacity of 

the sorbent, it is suggested that the fiber diameter sho-

u1d be reduced and porosity increased. 
-

Wal1ine(1974) and Lay(1980) recommended the fol1o-

wing additional investigations' I 

1. According to Wal1ine, the experiments for the pe-
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netration of oil into sorbents stlOuld 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 incorporated both the ho­

rizontal and non-horizontal rate expressions· to predict 

the oil ·penetration rates into sorbents of various sizes 

and in slick of varying thicknesses. Then this model co­

uld be used to specify the optimal sorbent material for 

a given oil spill application. 

In the light of work done previously, the following 

will be· studied in this work I 

a. The horizontal and vertical penetration rate expe­

riments for polyurethanes andpo~ypropylenes will be done 

and they will be evaluated by using Lay's models. 

b. The experiments for the displacement of water by 

oil (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 this chapter, a model is developed for predic-

ting the penetration rate of 0:1-1 into the porous 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 assumptions I 

1. Surface tension is the driving force for the mo-

vement of oil into the sorbent. 

2. The resistance to oil motion includes viscous 

shear with no slip at the sorbent/oil boundary, gravity, 

and a surface tension 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 contacts 

the rectangular sorbent strip at one end and moves' into 

a constant cross-sectional area that is perpendicular to 

the direction of penetration. A force balance on the oil 

which flows into the sorbent requires I 

Mass x Acceleration = 
d(mV') 
dt 

Total forces 

=~F 

where V!: the. actual average velocity of the oil moving 
, 

into the sorbent, which is the observed velo~ 

city of the oil front, 
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In:: the mass of oil penetrating into sorbent per unit 

cross-sectional area that is perpendicular to flow 

F= the sum of the forces mentioned in assumptions 1 

Since 

and 2 above. 

"' dL 
V = dt , (8) 

The equation of motion of oil into a sorbent becomes I 

m dV+' V' dm 
dt dt 

2 = IE~· + E(dL)2 ::£F 
3 dt2 g dt 

(9) 

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, F~, which 

is responsible for penetration of oil 1nto sorbent, is 

given by s 

(10) 

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

area, that is the totaJ sorbent volume divided by the vo-

lume per fiber and can be expressed as I 

(I-E) L 

(Tfd;/4) L 

Combining eqs~(lO) and (11) gives s 

F'= 4(1-E)~ cose 
1 d f 

(11) 

(12) 

)0< , ,: 
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Since the fibers are randomly oriented, the desired sur-

face tension force includes only the surface normal to 

flow direction. Fl is the ~urface tension force normal 

to the direction of penetration, and is given by I 

Fl = (SinJ3) Fl' avg. (13) 

Since the fibers are randomly oriented, the average value 

of SinJ3 is given by , 
~ J2SiilJ3 dp 

( S i nR ) = -.0--::::,.-.__ = 2 
.T" avg.· J1: df3 1T 

o 

Thus, the surface tension force becomes , 

F = 2 4(1-E) (5 cose 
1 1f d f 

(14) 

(15) 

The exterior surface tension force, F;, that resists 

oil penetration intosorbents due to the creation of an 

air/oil interface at the outer perimeter of the sorbent, 

is defined by 

(16) 

where ~~ the air/oil interfacial surface tension coeffi-

cient, which is equal to the surface tension 

coefficient of o~l, 

2(ts +W)= the outer perimeter of the sorbent. 

The resisting force per unit cross-sectional area for 

.flow, F2 , becomes, 
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(17) 

Shear foroe, F3 , is the 'major resistance to flow 

and is defined by I 

Shear force= f(liquidviscosity ,velocity) (18) 

Here, the liquid viscosity and the velocity gradient are 

not constant, and the velocity gradient is represented 

by Carman-Kozeny equation given by eq. (2). The oil velo­

city V in this equation can be related to oil velocity V' 

by I 

V= Ev~ E ~ dt (19) 

The wetted surface area per unit volume, S, .is defined as 

(See Appendix V) 

(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. Therefore, the 

pressure difference can be replaced by the total shear 

force per unit cross-sectional area normal to flow, F3 , 

and eqs.(2), (19), and (20) can be combined to give I 

63 d2 F' 
dL ___ ~f ____ -=_ _3 v; E - ;:: 
dt 2 16k pel-E) . L 

(21) 

Solving for F3 gives I 

16k Jl (1-E)2L dL 

62 d 2 dt 
f 

(22) 
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The gravitational force, F4 , per unit'cross-sectio­

nal area normal to flow, which opposes oi.l flow when flow 

is non-horizontal, is I 

(23) 

Therefore, the complete equation of oil motion into 

sorbent becomes I 

E d2L E dL 2 2 
o L- + 8 (dt) = "rr v dt 2 1\ (24) 

In this equation, the only variables are Land t. Theot-

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 I . - - . ~ 

(25) 

,.,here k l , k 2, k 3 , and k4 are defined similarly as in eq. 

(6) and kS is defined as I 

When the acceleration terms are 'negligible, eq. (25) redu-

ces to I 

(26) 

The acceleration terms were found to be negligible by 

Walline(1974) and Lay(1980) • 

, I 
i 
II 
: i 
i I 

I 
I 
I 
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For complete oil wetting, thesorbent/oil contact angle 

may be taken as zero (Q-O). Then I 

CosQ-l, and 

3.1. The Horizontal Flow Equation and Its Solution 

In this case, t~re is no gravity term, and k3~0, " 

since ~=90. Therefore, eq. (26) reduces to I 

(27) 

The solution of this equation for t yields I 

For the initial condition LaO at t-O, C-O. The solution 

of the flow equation then becomes , 

k4L2 
t= , -

t
kl-k2 2j* : . 
2(k -k) ~ ~ 

L= ~4 2 t -(slope) t~ (J)r 

O~8) 

(28a) 

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 from eq.(5),by taking CosQ-l. 

(Sa) 
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In this equation, the term with the square 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 derine a sorbent parameten 

Similarly the effect of oil properties may be shown by 

an oil parameter. 

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

ly proportional to porosity and fiber diameter. 

3.2 • The Vertical Flow Equation and Its Solution 

In this case, k 3=s>gE, since ~=O(CoS~=l). Then, by 

using eq.(25) one obtainss 

t kl-k2-k3L k l -k2 ' '~ 
t=k4 k% - 2 In(kl -k2-k3L) +C 

3 k3 

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

(29 ) 

As seen, the time required'for the oil to climb a verti-

:cal distance L is nonlinear with this distance. 

. The maximum distance the oil will rise vertically 

against gravity when a sorbent strip is. partially immer-

:1 

.l 

:1 

'j 
:. 
I 
! 

" 

:~ 
:il 
I' 
I 

I. 

i 

r I 
I I 
• i I 
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sed in an oil reservoir, will be considered first. Since 

motion ceases at the maximum height, acceleration and 

shear terms will be zero. Letting h q be the height e • 

reached by the oil after a long time interval, eq.(26) 

becomes a 

or (30 ) 

where heq • is the equilibrium height-of-rise. At this 

level, the. oil stops risi.ng since the gravitat-iona1 for­

ce becomes equal to the surface tension force. 

3.3. The Vertical Retention Equation and Its Solution 

In this case, again COS~=l, and k3=9gE. And there 

is no contact between the sorbent and the oil in the re-

servoir, therefore, the exterior surface tension term is 

neg1igib1e(k2=0). Thus eq.(26) reduces tOI 

(31) 

The solution of this equation yieldsl 

Using initial condition L=LO at t=O(where LO is the ini­

·tia1 and maximum distance of oil intosorbent), the fo1-

lowing result is obtained 
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(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 I 

or 
; (33) 

At this level, since the gravitational force becomes equ-

a1 to the surface tension force which resists the oil 

dripping from the sorbent, the oil stops draining. 
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CHAPTER. 4 

EXPERIMENTAL PROCEDURE 

4.1. Material Used 

In this study, polyurethane and polypropylene sam­

ples were used as sorbents while SAE 20W-20 motor o'll and 

SAE 90W gear oil were ~sed as the test oils. 

Polyurethanes used in this study are the same as 

those used by Lay(1980). Polyurethanes, with their foamy 

structures, are widely used as sponges, and have very low 

densities, large oil capacities, high elasticities, and 

high oil-sorption rates. The foams consist of polyuretha-

ne fibers, and resemble a three dimensional fish'network 

structure, as shown in Figur.e 1. Polyurethane foams are 

reusable~ The foams have circular cross-sections, and the 

fibers are cylindrical. The sorbent properties were mea-

sured by Lay(1980). The data obtained is given in Table 

20 in Appendix II, have been used in this study. Tre po-

lyurethane sorbents are manufactured by Scott Paper Com-

pany in U.S.A. To obtaJn a· large sorbent/oil contact sur­

face, thin rectangular sheets .of the sorbents were used. 

Polypropylenes used in this study are the same· as 

. those used by Walline (1974) •. Polypropy.lenes are made of 

synthetic fibers, and resemble the woven textile structu­

re shown in Figure 2. The important proPerties which were 
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Figure 1. polyurethane Structure 
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Figure 2. Polypropylene Structure 
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used are given in Table 20 in Appendix II,as measured by 

Wa11:i.ne{1974}. The polypropylene samples, called TyparR, 

are manuractured by Du Pont Company in U.S.A., and ~re 

grey in color due to the addition of carbon black. Here 

again, thin rectangular sheets of the sorbents were used. 

The oilS used in this study belong to .Mobi1 Oil 

Company in Istanbul. Data for density and viscosity were 

taken from this companr, and are given in Table. 21, and 

Figures 15 and 16 in Appendix III. The required viscosity 

conversions are also given in Appendix III. Surraoe ten­

sion coefficients of the oils used were measured at Boga­

ziC;i Unive.rsity, and the data are presented in Table 22 

in Appendix III. The experimental procedure for measure­

ment of surrace tension coefficients of oils is explained 

in Appendix III. 

4.2. The HoriZontal Penetration Rate Experiments 

The purpose of these experiments is to verify the 

study of Lay{ 1980} for the oilS with different properties. 

The elCperimenta1 setup used for the horizontal penetrati­

on of oils into dry polyurethane sorbents floating on wa­

ter is Shown in Figure 3. This setup contains a rectan­

gular liquid reservoir made o.f tin and has two sections, 

which are seperated by a thin metal wall with a rectangu­

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



I 
I 
• 

liquid reservoir 
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J_ 

r-~ --:- - - --------
sorbent 

water=-O~l-

Figure 3. The Setup for ·the Horiront.al Penetration Rate 

Experiments. 
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N 
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left section there is only water, while there are water 

and oil in the right section. Thus, the right end of the 

sorbent was placed on oil, and this part quicklyabsor-

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 

absorb water. Then, the movement of oil into dry polyu-

rethanes was observed. at certain times. The experimental 

and theoreti.cal results· for this case are suinmarized in 

Tables 4- 9 in Appendix .I. 

4 • 3 .. Expe rime nts for the Hor izont.al Dis placeme nt of 

water by Oil 

The purpose of these experiments was to simulate 

. the conditions of oil spillS in sea waters and remove 
. 

oil by the polyurethane sorbents pre-wetted with water. 

This set of experiments was conducted for observation of 

the penetration of oil into the sorbents pre-wetted with 

water. Here again, the setup in Figure 3 was used. About 

15 em of the sorbent was wetted with. water, and about 6 

cm of, the sorbentwas immersed' into .the right section of 

the reservoir .which contains water and oil. T~n the mo-

'vement of oil into the sorberit 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 conducted for obser­

vation of the vertical penetration of oils into dry poly­

propylene sorbents. In these experiments," the setup in 

Figure 4 .was used. This· setup contair:-s two partss an oil 

reservoir. and one hanger consisting of a ruler and the 

sorbent sample. In these experiments, the height climbed 

by oil into the sorbent was measured. For this purpose, 

the second part was immersed into the oil reservoir at a 

certain level, such as h:l cm at t::.O. Then the rise of 

oil in the sorbent was observed at certain times. The 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 from the sorbents wetted with oil. The setup shown 

in Figure 5 was used to study the draining of oils from 

polyurethane sorbents wetted with. oil.' The setup consists 

of two. partss a reservoir to collect the 'oil drained from 

the sorbent, and one hanger with a .ruler and the sorbent 

BOGAZlQi 'ONiVERSiTESi KOTOPHANES\ 
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sample. Here the sorbent samples were completely wetted 

with oil before, then suspended and left to drip. Thus, 
, . 

the drop in oil height in the sorbent against time was 

observed. The experimental and theoretical results for 

this case are summarized in Tables 14-19 in Appendix Io 



CHAPTER 5 

RESULTS AND DISCUSSION 

5.1. The Horizontal Penetration Rate Experiments 

In these experiments the oil motion into dry poly­

urethane sorbents waos observed up to a critical distance, 

after which the sorbent absorbed water. Then, the weight 

.of thesorbent increased and 0 the sorbent sank· into water. 

Dry black 0 and orange sorbents could not be used, they ab-

sorbed water quickly, therefore, they could not ofloat on 

water and sank, thus the black and orange sorbents were 

soaked with oil in advance. 

The experimental and the theoretical results were 

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

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

o tance penetrated by oil VB. 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 023 in Appendix IV. The 

effect of sorbent propertieosare shown in Figures 6 and 7, 

for SAE 20W-20 motor oil and SAE. 90W gear oil, respective°;" 

lye As seen in both of these figures, the oil penetration 

rate increases °as porosity anc;i fiber diameter increase. 

Figure 8 shows the effect-of oil properties I SAE 90W gear 

oil has a lower oil penetration rate than SAEo 20W-20 
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motor oil. Since the density and the surface tension co­

efficients are approximately equal for both these oils, 

the difference ip oil penetration rat'es must be due to 

the variation of viscosities, which increases by nearly 

a factor of 5.5 for SAE'90W gear oil. The slope deviati­

ons from model were predicted as explained in Table 26 

in Appendix IV. These are between 26% and 54% for SAE 

20W-20 motor oil, anq between 1;2% and 30% for SAE 90W 

qear oil as shown in Table 1. Thus) it was decided that 

this model did not represent the experiments we11~ 

5.2. Experiments for the Horizontal Displacement of 

water by Oil 

In these experiments, the sorbents wetted with wa-' 

ter were used, but no~oi1 penetration into sorbents co­

uld be observed. Therefore, no model was developed for 

this case. The reluctance of oi1i:n pe"netrating the pre­

wetted sorbents can be explained as follows s the surfa­

ce tension coefficient of water is greater-than the oils 

as shown in Table 22. in Appendix III, and the resisting 

force is greater than the driving force. Thus the water 

prevents the oil penetration into sorbent, and So an ad-

·ditional force is required to push toe 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 

Pol yure thane Experimental Theoretical Slope 

oil sorbent Slope slope :I deviation 
( cm/minV2.) ( cm/mir1Z) (%) 

SAE Green 2.00 3.40 41 

20W-20 ·Grey 1.50 2.60 42 

motor Yellow 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 -1.08 1.33 19 
SAE 

90W Grey 1.00 1.14 12 

gear Yellow 0.83 1.00 17 

oil 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 po-

lypropylene sorbents could be observed up to a critical 

height, where the gravitational force became equal to the 

surface tension force, and the advance of the oil front 

stopped. These experiments required long time periodS va-

rying from 6 to 10 days. 

The experimental and the theoretical results for 

the distance penetrated by oil were plotted against time 

as in Figures 9-11. The model is nonlinear as explained 

in Chapter 3. A sample calculation for the generation of 

the 'theoretical curves is shown in Table 24 in Appendix 

IV • The effect of sorbent properties are shown in Figu-

res 9 and 10, for SAE 20W-20 motor oil 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 oil into sorbents decreases as porosity and 

fiber diameter of the sorbent, and viscosity of the oil 

increase. However, as seen in these figures again, there 

is a quite a bit of difference between the experimental . , 

the theoretical results indicating that the model used 

here do not represent the expe'rimental results' well.AC­

cording to the Figures 9-11, the polypropylene TyparR 

3401. is the bestsorbent for 'this work.' Furthermore, 

the experimental and the theoretical values of the equi-
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1ibrium height-or~rise for the oil 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

R 1ypropy1ene Typar 3301 and 3401. 

5.4. The Vertical Retention Experiments 

In these experiments, .the dripping(or draining) of 

oil from the polyurethane sorbents could be observed up, 

to a fina1(critica1) height as shown in Table 3. 

The experimental and the theoretical ·resu1ts on the 

distance drained by oil were plotted against the retenti ... 

on time· as shown in Figures 12-14. The model is nonlinear 

as explained in Chapter 3. A sample calculation for the 

generation or the theoretical curves is shown in Table 25 

in A~pendix IV. The errect 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. of oil properties 

is shown in Figure 14. The oil draining rate increases as 

porosity and fiber diameter of the sorbent increase, and 

viscosity of the oil decreases, according to the Figures 

12-14. The agreement between the model and the experimen-

tal resu1t;.s ror green, grey and beige polyurethane sam-

p1es with SAE 20W-20 motor oil, and for green. and yellow 

polyurethane samples with SAE 90W gear oil is acceptabl-e. 

i 
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TABLE 2 

COMPARISON OF THE EQUILIBRIUM HEIGHT-OF-RISE VALUES 

OF OILS INTO POLYPROPYLENES 

Oil Polypropylene Experimental Theoretical 
sorbent h (em)" heg. (em) eg. 

R Typar 3301 13.5 13.80 

SAE 

20W-20 
// 3356 6.5 10.80 

motor ~/ 3400 16.6 17.70 

oil 
// 3401 20.4 20.79 -

R Typar 3301 " 10.8 14.00 
SAE 

90W ~ 3356 5.5 10.98 

gear 4- 3400 9.8 17.97 

oil ~ 3401 14.4 21.10 
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TABLE 3 

COMPARISON ()F THE FINAL HEIGHTS OF OILS INTO,POLYURETHANES 

Oil Polyurethane Experimental Theoretical 
sorbent hfina1 (cm) hfinal(cm) 

Green 0.8 0.72 

Grey 1.8 1.31 
SAE 

20W-20 Yellow 4.3 1.95 

motor- Beige 4.4 2.62 oil 

Black 4.9 4.21 

Orange 4.5 7.44 

Green 0.8 0.72 

Grey 2.2 1.33 

SAE- , Yellow 4.2 1.97 90W 

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 oil 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 in practice for eco-

nomic as well as water quality 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 carried outz horiZontal penet-

ration of oil, horizontal displacement of water by oil, 

vertical penetrationQf oil, and vertical retention of 

sorbents filled with oil. 'rhe models used for the cases 

of horizontal and vertical penetration or oils were ta-

ken from Walline(1974) and Lay(1980). The model for the 
. 

fourth case was developed on the basis of the works of 

Walline and Lay. Since water prevented the penetration 

of oil into sorbent, unsuccessful results were obtained 

in the experiments for the displacement of water by oil, 

therefore, no mathematical model was developed for the 

second case. However, mathematical used for each of ho-

rizontal penetration of oil, vertical penetration of oil, 

vertical retention of sorbents completely wetted with 0-

il did not predict the experimental results well. 
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These conclusions can be drawn from this study. 

1. The porosity, thickness, and fiber diameter of 

a sorbent, the viscosity and surface tension coeffici­

ent of an oil, and the sorbent/oilcontact angle are the 

signiricant parameters in the expression develope"d for 

the penetration of oils into so"rbents. 

2. According to the horizontal penetration rate 

experiments and model, the distance penetrated by oil 

into a sorbent is linearly proportional to the square 

root of time. And the horizontal penetration rate of oil 

into a sorbent is directly proportional to porosity" 

and fiber diameter of so~bent, and inversely proporti­

onal to the viscosity of oil in general. 

3. The vertical penetration rate and bile vertical 

retention models are nonlinear. The experimental and the 

theoretical curves of the distance penetrated by o'il va." 

the time also veriried this behaviour. The vertical pe­

netration rate decreases as porosity, fiber diameter and 

vis~osity increase ~ and' the oil draining rate "on ,vertical 

retention of the sorbents fiiled with oil increases with 

porosity and riber diameter, and decreases with viscosi~ 

ty, according to the experimental and theortical curves. 

4. In the experiments here, the liquid was stag"l­

nant. However in practice, the liquid(sea water} is not 

stagnant and wets the sorbent continuously. Since water 
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prevents the penetration of oil into sorbent, the appli­

cation of this study is difficult in practice. 

For further work, the fo~lowing are recommended I 

1. All models used for theoretical calculations 

should be evaluated again. 

2. The physical properties, or sorbents, especially 

porosity, should be checked. 

3. The non-horizontal penetration rate model sho­

uld be verified experimentally for different angles of 

inclination of flow using various sorbents and oils. 

4. 'rhe horizont.al displacement of water by oil 

US ing var ious other sorbents, not tr ied here, should be 

carried out and modelled. 

6. The experiments Should be conducted in as much 

a stagnant sea-water environment as possible. 
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The experimental procedures for the horizontal pe­

netration rate, the vertical penetration rate, and the 

. vertical retention experiments' were explained in Chapter 

4, and the corresponding tl~oretical models were explai­

ned in Chapter 3. The experimental and the the~retical 

results can be located in the following tables I 

a. the horizontal penetration rate results in 

Tables 4-9, . 

b •. the vertical penetration rate results in 

Tables 10-13, 

,c. the vertical retention results in Tables 14-19. 

The theoretical results with sample calculations are gi­

ven in Appendix IV. The symbolS used for, column headings 

in these tables have the following meanings I 

. La the distance penetrated by oil into sorbent, 

LOI the initial and· the maximum distance of oil in 

the sorbent on vertical retention, 

La-La 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 POLYlffiETHANE AND TWO TYPES OF OILS 

Sample dimensions I 31.6 x 4.0 x 0.330 (cm) 

. 
Ex~rimenta1 Theoretical 

Oil 
t1/2.. 1/2-

L{cml t{minl L~cml t{minl 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 0.76 0.87 
4 3.17 1.78 4 1.35 1.16 
5 5.75 2.40 5 2.11 1.45 

SAE 20W-20 6 6.92 2.63 6 3.04 1.74 
motor oil 7 9.66 3.11 7 4.13 2.03 

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 
gear oil 7 39 6.25 7 26.31 5.13 

8 49 7.00 8 34.36 5.86 
at 21

D
C. 9 65 8.06 9 43.49 6.60 

10 85 q.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 V=O at t-O) 
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TABLE 5 

HORIZONTAL PENETRATION RATE RESULTS FOR 

GREY POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions I 30.6 x 4.0 x 0.341(cm) 

, Ex~_rimenta1 Theoretical 

Oil t~ t¥Z L(cm) t(min) L(cm) t(min) -. 
1 0.42 0.65 1 0.12 0.35 
2 1.50 1.22 2 0.48 0.69 

SAE 20W-20 3 3.42 1.85 3 1.08 1.04 
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. 
6 14 3.74 6 4.31 2.08 
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 
11 55 7.42 11 14.47 3.80 

c' 12 69 .8.31 12 17.22 4.15 
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 

SAE 90W 5 27 5.20 5 19.05 4.36 
6 35 5.92 6 27.42 5.24 

gear oil 7 47 6.92 .7 37.33 6.11 

at 210 C. 
8 63 7.94 8 48.76 6.98 
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 I 30.6 x 4.0 x 0.317{cm) 

Experimental Theoretical 
Oil till. t* L{cml t{minl L{cm} t{minl 

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 

SAB 20W-20 4 9.83 3.14 4 2.40 1.55 

motor oil 5 16 4.00 5 3.74 1.93 
6 21 4.58 6 5.39 2.32 

at 22°C. 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 
3 14 3.74 3 9.07 3.01 

SAB 90W 4 23 4.74 4 16.12 4.02 

gear oil 5 19 6.24 5 25.19 5 0 02 
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 8.03 
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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TABLE 7 

HORIZONTAL PENETRATION RATE RESULTS FOR 

BEIGE POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions 2 30.6 x 4.0 x 0.325(cm) 

Oil 

SAE 20W-20 
motor oil 
at 21°C. 

SAE 90W 
gear oil 
at 22°C. 

Experimental 

L(cm) t(min) t¥2 

1 0.83 0.91 
2 ·2.75 1.66 
3 5.92 2.43 
4· 9.58 3.10 
5 .13 ~ 50 3 • 67 
6 22 4.70 
7 27 5.20 
8 35 5.92 
9 45 6.71 

10 56 7.48 
11 72 8.49 
12 839.11 
13 103 10.15 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1.66 
6.92 

14.50 
22 
39 
53 
75 
93 

116 
144 
188 
216 

1.29 
2.63 
3.81 
4.69 
6.25 
7.28 
8.66 
9.64 

10.77 
12.00 
13.71 
14.70 

Theoretical 

L(cm) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

:~h. 
t(min) --L 
0.21 0.46 
0.83 0.91 
1.87 1.37 
3.32 1.82 
5.19 2.28 
7.48 2.74 

10.18 3.19 
13.30 3.65 
16.83 4.10 
20.78 4.56 
25.14 5.01 
29.92 5.47 
35.11 5.93 

1.23 1.11 
4.90 2.21 

11.03 3.32 
19.61 4.43 
30.65 5.54 
44.13 6.64 
60.07 7.75 
78.46 8~86 
99.30 9.96 

122.59 11.07 
148.34 12.18 
176.53 13.29 
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TABLE 8 

HORIZONTAL PENETRATION RATE RESULTS FOR 

BLACK POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions I 31.6 x 3.8 x 0.335(cm) 

'Ex~r imenta1 Theoretical 

Oil L{cm} t{min) J% L{cm~ t{min~ t¥2 

1 . 1.92 1.39 1 0.38 0.61 
2 8.17 2.86 2 1.50 1.22 
3 17 4.12 3 3.38 1.84 

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 8.24 . 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 'rwo TYPES OF OILS 

Sample dimensions , 30.6 x 3.8 x 0.300(em) 

Ex~rimenta1 Theoret iea1 

oil 
~{eml t{rninl t¥2 L{ernl t~rninl t¥Z 

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

SAE 20W-20 3 10.92 3.30 3 6.13 2.48 
4 19 4.36 4 10.90 3.30 motor oil 5 32 5.66 5 17.03 4.13 at 22°C. 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 TYPAR~ 3301 AND TWO TYPES OF OILS 

Sample dimensions I 31.6 x 4.8 x 0.026(cm} 

Ex~rimenta1 . Theoretical 

Oil L(cm) t{min} L{cm} t{min} 

0.7 5 1 2~4 
1.~ 15 2 10.1 
2.2 38 4 45.5 
2.7 68 6 117.,6 
3.4 1·28 8 248.5 

SAE 20W,,:,,20 4.0 188 10 488.2 

motor oil 4.8 ·308 12 1004 

at 26.5°C. 5.4 428 13 1624 
. 8.2 1328 13.5 2378 
9.2 1868 13.8 4178 

10.4 2948 
11.7 4418 
13.1 7328 
13.5 . 8768 

0.5 5 1 13.6 
1.0 15 2 57.3 
1.4 33 4 .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 
7.9 4413 
9.3 7323 
9.8 8763 

10.5 11643 
10.8 14523 
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TABLE 11 

VERTICAL PENETRATION RATE RESULTS FOR 

POLYPROPYLENE TYPARR 3356 AND TWO TYPES OF O;l:LS 

Sample dimensions I 31.6 x 4.9 x 0.032 (em) 

Experiinenta1 Theoretical 

Oil 
·'L!cm~' 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 

SAE 20W-20 2.8 100 5 67.2 
3.3 160 6 108.1 motor 'oil 3.7 220 6.5 135,.0 at 26°C. 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 4 229.9 

SAE 90W 1.8 96 5 394.5 

gear oil 2.2 156 5.5 502.7 

at 26°C. 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 TYPARR 3400 AND TWO TYPES OF OILS 

Sample dimensions I 32.0 x 4.8 x 0.034(cm) 

EXEerimenta1 Theoretical 

oil· 
L{cm} t{min} L~cm} t~min} 

0.7 5 1 2.9 
1.1 15 2 11.9 
1.8 35 4 51.8· 
2.5 65 6 128.8 
3.0 95 8 256.0 

SAE 20W-20 
,3.7 155 10 459.5 
4.9 275 12 781.2 

motor oil 6.3 515 14 1328 
at.25.SG 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.~ 
1.2 35 4 294.1 
1.6 65 6 729.4 
2.0 96 8 1450 
2.2 155 9.9 2515 

SAE 90W 3.1 275 12 4373 
4.0 515 14 7360 gear oil 5.8 1415 15 9720 at 25'.SoC. 
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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. TllliLE 13 

VERTICAL PENETRATION RATE RESULTS FOR 

POLYPROPYLENE TYPARR 3401 AND TWO TYPES OF OILS 

Sample dimensions I 31.6 Xi 4.9 x 0.031(cm) 

Ex~rimenta1 Theoretical 

Oil L(cm) t{min} L{cm} t{min} 

1.0 5 1 3.1 
2.1~ 18 2 13.0 
2.9 . 38 I 4 55.9 
3.6 68 6 136.4 
4.8 128 8 265.3 
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 ~834 

13.5 1868 18 3000 
15.3 2948 20 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 a 1499 

SAE 90W 3.5 183 10 2588 
4.3 303 12 4184 

gear oil 4.9 423 14 6541 at 26.5°C. 7.8 1323 14.4 7299 
8.8 1863 16 10168 

10.1 .2943 18 16358 
11.1 4413 20 30794 
12.6 7323 21.1 115581 
13.3 8763 
14.1 i 11463 
14.4 12903 
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TABLE 14 

VERTICAL RETENTION RESULTS FOR 

GREEN POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions I 31.0 x 3.7 x 0.330(cm) 

Oil 

SAE 20W-20 
motor oil· 
at 26.50 C. 

SAE 90W 
gear oil 
at 25°C. 

Experimental 

L~-L(cm) t(min) 

2 
3 

·4 
5 
7 
8 

10 
12 
13 
14 
14.2 

1 
2 
3 
4.5 
6 
8 

10 
12 
13 
14 
14.2 

0.08 
0.12 
0.18 
0.23 
0.33 
0.42 
0.50 
0.66 
'0.75. 
0.83 
0.92 

0.33 
0.58 
0.92 
1.33 
1.83 
2.50 
3.33 
4.00 
4.42 
4.92 
5.17 

Theoretical 

LO-L(cm) t(min) 

2 0.10 
3 0.16 
4 0.22 
5 0.27 
7 0.38 
8 0.44 

10 0.55 
12 0.68 
13 0.75 
14 0.85 
14.2 0.90 
14.28 0.96 

1 
2 
3 
5 
6 
8 

10 
12 
13 
14 
14.2 
14.28 

0.34 
0.69 
1.03 
1.73 
2.08 
2.80 
3.54 
4.34 
4.84 
5.47 
5.80· 
6.43 
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TABLE 15 

VERTICAL RETENTION RESULTS FOR 

GREY POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions I 31.0 x 3.7 x 0.341(cm) 

Experimental Theoretical 

Oil L~-L{cm) t (min). LO-L{cm) t(min) 

1 0.25 1 0~20 
2.5 0.50 2 0.41 
4.5 0.75 4 0.82 

SAE 20W-20 6 1.00 6 1.24· 

motor. oil 8 1.42 8 1.69 
10 1.75 10 2.16 at 26°C. 11 2.00 11 2.~2 
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 
gear oil 6 3.58 6 7.80 
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 17.03 
12.8 11.50 12.8 18.95 

13.67 28.43 
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TABLE 16 

VERTI~AL RETENTION RESULTS FOR 

YELLOW POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions I 31.Q-.x 3.7 x 0.317(cm) 

Experimental Theoretical 

Oil' L~-L(cm) t(min) LO-L(cm) t(min) 

0.7 0.75 1 0.46 
1.5' 1.42 2 0.92 
2.5 2025 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 

iO.6 11.00 10.6 5.46 
10.7 13.50 12 6.66 

13.05 11.0.0 

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 

SAE 90W 3.5 10.00 5 16.44 ' 

gear oil 4 12.00 6 19.93 
5 15.25 7 23.53 at 24°C. 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 
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TABLE 17 

VERTICAL RETENTION RESULTS FOR 

BEIGE POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions I 31.0 x 3.7 x 0.325(cm) 

Experimental Theoretical 

Oil 1 
LO-L(cm) t(min} LO-L(cm) t(min} 

1 1.00 1 0.89 
2 2.17 2 1.80 
3.5 3.25 4 3.67 
5 4.42 5 4.64 

SAE .20W-20 7 6.17 7 6.71 

motor oil 8 7.33 8 7.83 

at 26°C. 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 
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 
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TABLE 18 

VERTICAL RETENTION RES~TS FOR 

BLACK POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions I 31.0 x 3.7 x 0.335(cm) 

Oil 

SAE 20W-20 
motor oil 
at 25°C. 

SAE 90W 
gear oil 

at 25°C. 

Experimental 
1 LO-L(cm) t(min) 

1 
2 
3 
4-
5 
5.5 
6;.5 
7,.5 
8.5 
9.5 

10 
10.1 

0.8 
1.2 
2 
2.5 
3.5 
4 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
9.9 

2.66 
4.92 
6.83 
9.00 

11.17 
13.00 
16.00 
20.75 
25.50 
35.58 
48.00 
88.00 

9 
14 
24 
31 
43 
54 
69 
86 
113 
135 
165 
193 
223 

Theoretical 

'LO-L(cm) , t(min) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
10.1 -
10.79 

1 
2 
3 
4 
5 
6 
7 
8 
9 
9.9 

10.74 

3.29 
6.68 

10.20 
13.89' 
17.79 
22.00 
26.62 
31.96 
38.65 
49.00 
50.64 

102.81 

19.50 
39.64 
60.55 
82.45 

105.66 
130.69 
158.40 
190.49 
231.00 
286.51 
566.80 
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TABLE 19 

VERTICAL RETENTION RESULTS FOR 

ORANGE POLYURETHANE AND TWO TYPES OF OILS 

Sample dimensions z 31.0 x 3.7 x 0.300(cm) 

Ex~r-imenta1 Theoretical 

Oil L~-L{cm) t(min) LO-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 26b 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 



APPENDIX II 

SORBENT PROPERTIES 

I • 
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TABLE 20 

SORBENT PROPERTIESl ,2 

Fiber 3 Sorbent Porosity diameter Thickness Oil capasity 
(E.) d

f 
(cm)' ts(crri) 20W-20 90W 

Polyurethane 

Green 4 0.92 0.0131 0.330 0.41 0.71 

Grey 4 0.90 0.0090 0.341 0.83 0.98 

Yellow 5 0.93 0.0041 0.317 1.07· 1.12 
. ,5 

Bel.ge 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 

TyparR330l 0.57 0.0041 0.026 0.54 
/I 33.56 0.58 0.0050 0.032 
II 3400 0.53 0.0042 0.034 
/1 3401 0.51 0.0039 0.031 

The permeability constant for polyurethane and poly-

propylene I k"5. 

1 Polyurethane sorbent pr,operties were measured by Wa1li-

ne(1974) in univers~ty or Colorado in U.S.A. 

2polypropylene sorbent properties were measured by Lay 

(1980) in University of Colorado in U.S.A. 

4In green and grey samples, there was oil loss due to 

dripping, therefore these reported capacities are lo­

wer than 1.0. 

5 In yellow and beige samples, since the oil clung to 

the outside of the sorbent, the reported capacities 

are higher than 1.0. 



APPENDIX III 

OIL PROPERTY DATA, MEASUREMENTS, AND CALCULATIONS 
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TABLE 21 

DENSITIES OF OILS USED1 ,2 

OilS 

SAE 20W-20 
(motor oil) 

SAE 90W 
(gear oil) 

Density at 20°C 
8(g/cm ) 

0.884 

0.900 

IT he' data was obtained from Mobil Oil Company in Istanbul. 

~he oil densities were assumed to be constant at all 

temperatures. 

VISCOSITY CONVERSIONS 

Dynamic Viscosity=Density x Kinematic Viscosity 

(Poise) 
II 
g 

( ) 
em sec 

- ( 

(g/cc) 
/I 
g 

-3 ) 
em 

x 

x 

(Stoke) 
II 

cm2 
( sec ) 

For SAE 90W gear oil at 2SP C (Figure 16) • 

Kinematic viscosity=500 cs=5 stokes 

Density =0.900 g/cm3 

Dynamic viscosity=(S).(0.900)=4.S Poise 
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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

gazi<;i University{Table 2.2). For this purpose, a surface 

tensiometer apparatus was used{Figure 17). This appara­

tus cons ists of four parts , a liquid reservoir, a wire­

ring system, a mirror, and a scale which shows the valu­

es of surface tension coefficients in dynes/cm. 

The working procedure of this apparatus is as 

follows , 

1. The' wire-ring is immersed into the oil in a 

beaker. Then the zero-balance of the wire-ring is adjus­

ted in the mirror by turning switcrr 1. 

2. The dial of this apparatus is turned on by 

switch 2 .until the oil sphere of the wire-ring breaks 

out. Then the value of surface tension coefficient. is 

read in dynes/cm from the scale of the apparatus. 
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TAtlLE 22 

SURFACE TENSION COEFFICIENTS OF OILS USED AND WATER 

Fluids 

water/Air 

SAE 20W-20 
(motor oil) / Air 

SAE 90W / Ai 
(gear oil) . r 

Water /SAE 20W-20 
(motor oil) 

Water / SAE 90W 
(gear oil) 

Surface tension coefficient 

Measurements 

65.8 
65.4 
65.5 
65.7 

36.0 
36.1 
35.9 
36.0 

37.3 
37.1 
37.2 
37.2 

32.8 
33.0 
33.2 
33.1 

29.9 
29.8 
29.7 
29.8 

Average 

65.6 

36.0 

37.2 

33.0 

29.8 

,1Surface tension coefficients were assumed to be 
constant, with respect to temperature changes. 
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APPENDIX IV 

SAMPLE CALCULATIONS 
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TABLE 23 

A SAMPLE CALCULATION USING 

THE THEORETICAL HORIZONTAL PENETRATION RATE MODEL 

Example a Yellow polyurethane and SAE 20W-20 motor oil 

(see Figures 6 and 8). 

Values of parameters used in the calculation 
Parameters Values Tables used 

T 

k ;: 
2 

8(1-E)~ 
J'\ d f 
2~(ts+w) 

ts'W 

l6kp(1-C)2 
k = -~-..",.--

4 c2 d2 
f 

k 
t= lL2( 4) 

2 kl'Tk2 

tij2. 

5 20 

0.93 20 

0.0041 cm. 20 

0.317 cm. 20 

3.7 cm, 6 

22°C 6 

o .884 g/cm~ 21 

95cs=O.84 poise. Figure 

36 dynes/cm. 29 

parameters calculated 

1566.0 dynes/cm~ 

246. 6 dynes/cm~ 

15. 

22648 dynes-sec/cm~ 

858.3 sec.:14.3 min. at L:lO cm. 

3. 78 (min}~2. 
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TABLE 24 

A SAMPLE CALCULATION USING 

THE THEORETICAL VERTICAL PENETRATION RATE MODEL 

. R 
Examples Polypropylene Typar 3301 and SAE 20W-20 motor 

oil(see Figures 9and 11). 

Values of parameters used in the calculation 
Parameters Values Tables used 

k 

E 

8 
p 
o 

k = 1 

k = 2 

8(1 ... E )~ 
1\ d f 

io(ts+w) 
t w· s 

, i 

5 20 . 

0.57 20 

0.0041 cm. 20 

0.026 cm. 20 

4.9cm. 10 

26.5°C 10 

0.884 g/cm3 • 21 

78cs=0.69 poise. Figure 15. 

36 dynes/cm. 22 

parameters calculated 

96l9.4,dynes/cm2 • 

2783.9 dynes/cm2 • 

493.8 dynes/cm3 • 

1868782 dynes-sec/cm4 • 

13.8 cm. 

29292 sec=488.2 min. 
at L=.10 cm. 
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TABLE 25 

A SAMPLE CALCULATION USING 

THE THEORETICAL VERTICAL RETENTION MODEL 

Examples Green polyurethane and SAE 90W gear oil 

(see Figures 13 and 14). 

Values of parameters used in the calculation 
Parameters . Values Tables used 

k 

E 
d

f 
t s 
w 

T 

9 
P 
'6 

k= 
1 

k ::: 
4 

~ 20 

0.92 20 

0.0131 em. 20 

0.330cm. 20 

3.7 em. 14 

25°C. 14 

0.900 g/cm 3 21 • 
500es=4 • 5 po ise • Figure 16 

37.2 dynes/em. 22 

parameters calculated 

8(1-6)0 
7\ d f 

~E 

16kp(1-E)2 

62 d 2 
f 

. 2 
578.8 dynes/em • 

811.4 dynes/cm]. 

4 15862 dynes-sec/em • 

0.72 cm. 

103.8 sec:1.73 min. 

at 1,:-10 cm. 

(here LO=-15 cm.) 
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TABLE 26 

A SAMPLE CALCULATION FOR THE SLOPE DEVIATIONS 

Example. Beige Polyurethane and SAE 20W-20 motor Oil 

(see Figures 6 and 8). 

Parameters 

Theoretical slope 

Experimental slope' 

Slope devi~tion %1 

Values 

2.14 

1.28 

40 % 

lSlOpe deviation % = Theoretical Slope-Experimental Slope% 
Theoretical slope 



APPENDIX. V 

DERIVATION OF THE EXPRESSION OF WETTED SURFACE AREA 

I~ 
I 
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It"was assumed that the fibers which make up the 

material have a large length(L) to diameter(df ) ratio. 

" :Det s= the wetted surface area per unit volume of 

the porous material. 

total fiber area 
s== -------.----(1-6) 

S::: 

total fiber volume 

4-2df /L ( E) 
1-

For df~' df/L term will be very small, therefore I 

lwal1ine, 1974. 

:1 


	KTEZ087001
	KTEZ087002
	KTEZ087003
	KTEZ087004
	KTEZ087005
	KTEZ087006
	KTEZ087007
	KTEZ087008
	KTEZ087009
	KTEZ087010
	KTEZ087011
	KTEZ087012
	KTEZ087013
	KTEZ087014
	KTEZ087015
	KTEZ088001
	KTEZ088002
	KTEZ088003
	KTEZ088004
	KTEZ088005
	KTEZ088006
	KTEZ088007
	KTEZ088008
	KTEZ088009
	KTEZ088010
	KTEZ088011
	KTEZ088012
	KTEZ088013
	KTEZ088014
	KTEZ088015
	KTEZ088016
	KTEZ088017
	KTEZ088018
	KTEZ088019
	KTEZ088020
	KTEZ088021
	KTEZ088022
	KTEZ088023
	KTEZ088024
	KTEZ088025
	KTEZ088026
	KTEZ088027
	KTEZ088028
	KTEZ088029
	KTEZ088030
	KTEZ088031
	KTEZ088032
	KTEZ088033
	KTEZ088034
	KTEZ088035
	KTEZ088036
	KTEZ088037
	KTEZ088038
	KTEZ088039
	KTEZ088040
	KTEZ088041
	KTEZ088042
	KTEZ088043
	KTEZ088044
	KTEZ088045
	KTEZ088046
	KTEZ088047
	KTEZ088048
	KTEZ088049
	KTEZ088050
	KTEZ088051
	KTEZ088052
	KTEZ088053
	KTEZ088054
	KTEZ088055
	KTEZ088056
	KTEZ088057
	KTEZ088058
	KTEZ088059
	KTEZ088060
	KTEZ088061
	KTEZ088062
	KTEZ088063
	KTEZ088064
	KTEZ088065
	KTEZ088066
	KTEZ088067
	KTEZ088068
	KTEZ088069
	KTEZ088070
	KTEZ088071
	KTEZ088072
	KTEZ088073
	KTEZ088074
	KTEZ088075
	KTEZ088076
	KTEZ088077
	KTEZ088078
	KTEZ088079
	KTEZ088080
	KTEZ088081
	KTEZ088082

