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A B S T R AC T

This article examines phenomena occurring in the process of oil-water emulsion fl ow through 
a coalescence fabric fi lter. The authors determined the fl ow of oil-water mixture through a fab-
ric partition, the effi ciency of fi ltration hF and the distribution of oil particle size do by using a 
Malvern analyzer gauge. The results, presented graphically and in tables, are considered as sat-
isfactory as they meet the standards of Resolution MEPC 60/(33) IMO for shipboard equipment.
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1. Oil separation on board ships

Oily water produced in ship operations is one of 
the essential threats to the marine environment. These 
wastes fi nd their way to seawater by:

•  discharge of ballast water and cargo tank washing 
water,

• discharge of bilge water,
• ship disasters and machinery failures,
• spillage during oil un/loading operations,
•  oil spills from propeller shaft bearings and other 

oil-lubricated elements that have contact with water 
[3,4,7,9,17].

All these sources of pollution have a high content 
of oil products, and their occurrence seems to be prac-
tically unavoidable. The oil separator NEPTUN shown 
in Fig. 1 purifi es bilge water. NEPTUN operates in two 
stages of oil separation: gravity and coalescence. In the 
former stage separation takes place on the pump suction 

side where oil is removed by fl ushing water. The latter 
stage, where coalescence takes place, is described in 
detail below. The separator is equipped with necessary 
fi ttings and automatic control devices (oil level sensors, 
oil content gauge etc.,) tested in compliance with MAR-
POL 73/78 Convention.

Oil particles reaching the oil separator fi lter can have 
diameters less than 50 μm and various oil concentration 
amounting to 10 000 ppm [4,24,25].

The diameter of smallest separated oil particle in the 
oil separation process taking place on a fabric barrier is 
a function of many parameters [4]:

0 0, , , , , , ,w wd f w l F gρ ρ η ε=  (1)

where w = speed of mix fl ow [m/s]; F = barrier surface 
area [m2]; e = coeffi cient of barrier porosity; rw = density 
of continuous phase (water) [kg/m3]; r0 = density of dis-
persed phase (oil) [kg/m3]; g = Earth’s gravity [m/s2];
hw = coeffi cient of water dynamic viscosity [N⋅s/m2];
d0 = diameter of oil particle [m]; l = track of oil particle 
(length of capillaries or pores) [m].
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An analysis of oil-water emulsion found in a sepa-
rate porous fabric barrier [4] showed that the diameter 
of the smallest droplets of oil separated in the fi lter can 
be determined as follows:
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where qv = volumetric stream of water [m3/s]; Vc = volume 
of sample fi ltration bed [m3]; dw = fi ber diameter [m].

One conclusion we can draw from the above rela-
tionship is that there are a few measures that can be 
taken to improve the effi ciency of the fi ltration barrier 
capturing oil droplets due to coalescence:

• reduce qv, dw, e and r0;
• increase the inner surface area of the barrier;
• increase fabric porosity;
•  adjust these fl ow parameters on an individual basis:

− barrier parameters,
− content of oil in the purifi ed liquid.

2. Assumptions for the research and model 
oil separator design

The research aimed to examine the effi ciency of oil 
coalescence process on a new multi-layer barrier made 
of chemical fi bers. A newly designed and constructed 
glass oil separator model was used for tests (Fig. 2). 
Glass fi bers used so far in W-5 fi lters are now prohibited 
as they posed hazards to human health.

Several assumptions were made before selecting the 
design solutions:

•  the barrier will be horizontal, and oily water will be 
fl owing upwards;

•  oil will be stopped on the whole surface area of and 
inside the barrier, so that it separates in the form of 
droplets that will be gathering in the upper part of 
the cylinder;

•  outfl ow of purifi ed water from above the barrier 
through a connector pipe, mounted so that the col-
lected oil will not get into it.

The oil separator model consists of two glass cylin-
ders (upper and lower) each closed by covers adequately 
squeezed onto them. To facilitate the exchange of 
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Fig. 1. Schematic diagram of the oil separator NEPTUN (qv = 2.5 m3/h); 1 – base, 2 – gravity separator, 2.1 – corrugated plates 
unit, 2.2 – fi lter with velours fabric, 3 – coalescence separator, 3.1 coalescence barrier, 4 – pipeline, 5 – pump, 6 – electric con-
trol panel, 6.1 – minimum oil level detector, 6.2 – maximum oil level detector; Dw – inlet of tap water, Dm – inlet of oil-water 
mixture, Tp – control thermostat, Dp – steam inlet, Op – steam outlet, Sp – compressed air, Oo – oil outlet, Ow – outlet of 
purifi ed water.
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unwoven fabric—the fi ltration barrier—there are easy-
to-dismount fl anges in the central part.

The intensity of emulsion fl ow through the fi l-
ter has to be adjusted so that it corresponds to that in 
marine fi lters with D = 140 mm, H = 356 mm, working 
at qv = 1 m3/h, assuming that the kinematic fl ow will be 
steady. As the same unwoven fabric barriers are used 
(the same capillaries) in the model as in marine fi lters, 
their Reynolds numbers will be equal:

Re ReR M=
 

(3)
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where (for denotations, see formula 1), indexes R and M 
refer to the marine fi lter and the lab fi lter.
From Eq. (4) we obtain:
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Assuming that parameters r, h, dk do not change, we get:

WR = WM = 1.77⋅10–3 m/s (6)

The volumetric stream in the model fi lter (Fig. 1, 
D = 100 mm) depends on the quotient of the barrier sur-
face areas:
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Based on the above considerations, we assumed in the 
tests that the volumetric stream amounts to qM = 30–90 
[dm3/h].

Various fabric barriers were placed in the model fi l-
ter. Each barrier was tested by using the same model 
water-oil mixture: tap water—diesel oil. The fuel char-
acteristics are shown in Table 1.

2.1. Unwoven fabric fi ltration barriers

Needled cloth (unwoven fabric) barriers used in the 
tests were made of hydrophobic polypropylene (PP, 4.1 
dtex) and polyester (PES, 1.3; 3.6 dtex) fi bers. Their char-
acteristics are given in Table 2. The multilayer FOW† 
fabric features a layer of thin glass fi bers with a diam-
eter of 4 μm. To prevent fabric deformations when the 
fi lter is in operation the fabric was strengthened at the 
manufacturing stage with ET‡ cloth made of PES fi bers 
(elana-2dtex). The needled cloths were then thermally 
treated to thicken their structure. Characteristic properties of 
the tested unwoven fabrics are their high strength, low fl ow 
resistance, uniform distribution of fi bers and pores across 
the whole volume of the cloth. Besides, these multilayered 
fabrics can be made with different degrees of layer packing.

2.2. The test stand

The tests were carried out on an upgraded test stand 
adjusted to the examination of coalescence barriers. The 
schematic diagram of the test stand is shown in Fig. 2. 
The tank (7) of 500 dm3 capacity was fed with tap water. 
The piston pump (4) with a controllable capacity ranging 
from 0 to 350 dm3/h pumped water from the lower part of 
the tank and passed it to the model oil separator (1) with 
a volume of 12 dm3. An oil feeding pump (3) was fi tted 
on the discharge side of the pump before a rotameter (6). 
Oil was proportioned by a Dyspenser 338 type metering 
pump (capacity qv = 0–11.5 dm3/h with a mean accu-
racy of ±1 mm3/cycle), that drew oil from the tank (2). 
The volumetric stream of the mixture was measured with 

Table 1
Properties of the diesel oil

 Property  Diesel oil

1 density at 20 °C [g/cm3] 0.8753
2 dynamic viscosity at 40 °C [cP] 14.72
3 kinematic viscosity at 40 °C [cSt] 17.08
4 max. water content [%] 0.10
5 fl ash point [°C] 101

†FOW is Polish manufacturer’s type of oil-separating non-
woven fabric.
‡ET is a type cloth strengthening the external part of FOW 
fabric.

Fig. 2. A model of oil separator with a fi ltration barrier; 1 – glass 
cylinder, 2 – tested barrier, 3 – gasket, 4 – fl ange, 5 – washer, 
6 – nut.
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the rotameter. The pressure difference on the model fi lter 
was measured with pressure gauges (8) and (9).

The oil content after the oil separator was measured 
with a HORIBA OCMA-220 analyzer with an accuracy 
of ±0.5 % of oil content in a sample.

The system was fed with 1000, 2500, 5000 and 
10000 ppm (1%) diesel oil by changing the volumet-
ric stream of the emulsion from 30 to 90 dm3/h. The 
changes of temperature, pressure drop on the barrier, 
oil concentration in the purifi ed mixture (at the outlet of 
oil separator) were recorded. The oil concentration was 
determined using a Horiba OCMA 220 analyzer.

Besides, the investigation included the distribu-
tion of oil particle sizes in the solution after fi ltration 
through the oil separator barrier, using an instrument 
made by MALVERN INSTRUMENTS Ltd., meeting the 
ISO 13320/01 standard. The method of laser diffraction 
was employed to fi nd the volumetric and quantitative 
distributions in the 0.01–2000 μm range.

3. An analysis of oil-in-water emulsion fl ow through 
an unwoven fabric barrier

The fl ow of emulsion through a fi ltration bed with a 
multilayered unwoven fabric barrier FOW is shown in 
Fig. 3. The fl ow process is characterized by the coales-
cence of oil droplets from oil-in-water emulsion that 
takes place inside the barrier pores. Three areas can be 
identifi ed that differ in the degree of oil dispergation.

We observed that in external layer I the fl owing 
emulsion does not visibly affect the system due to 

larger pores. The oil dispergation within this layer is 
the same as outside the barrier. In layer II droplets 
settle on the bed and on oil previously stopped on the 
packing structure. The diameter of droplets increases 

Table 2
Characteristics of unwoven fabric used for tests of fi ltration barriers

Lp. Parameter Fabric symbol

J/PP/1449 FOW FINET-POP 2

1 Type of fi ltration 
barrier

PP-thermally 
thickened

1. PES (3, 6 dtex) 
2. Glass 1–2 μm
3. PP(3, 6–5, 4 dtex)
4. ET fabric

PP-thermally 
thickened

2 G.S.M. 400 ± 50 g/m2 650 ± 50 g/m2

(1030 g/m2)
300 g/m2 ± 10%

3 Longitudinal tearing strength 1400 N/5 cm 420 N/5 cm 
(500 N/5 cm)

350 N/5 cm

4 Transverse tearing strength 1400 N/5 cm 1700 N/5 cm 
(2000 n/5 cm)

500 N/5 cm

5 Longitudinal elongation 10 ± 10% 163% (170%) 60%
6 Transverse elongation 10 ± 10% 80% (75%) 40%
7 Permeability at 200 Pa [l/m2s] 250 ± 50 150 (200) 200
8 Working temperature max. 90 oC max. 90 oC max. 90 o C
9 Porosity [%] 39 92 44
10 Mean fi ber diameter [μm] 20.2 14.6 20.26
11 Mean pore diameter [μm] 31.2 49.6 28.12
12 Internal surface area coeffi cient [m–1] 8.2 . 10–4 2.18 . 10–4 7.55 . 10–4

10

7

9

1

8

2

3
4

5

6

from the water
supply

oil drain 

water
outlet

collection
of samples

oil pipeline

water pipeline

Fig. 3. Test stand diagram; 1 – model fi lter with the tested 
barrier, 2 – oil tank, 3 – oil feeding pump, 4 – variable capac-
ity piston pump, 5 – metering system, 6 – rotameter, 7 – water 
tank, 8, 9 – pressure gauges 0–0.1 MPa, 10 – thermometer.
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while they slowly move towards the bed center. Large 
drops coalesce with small droplets and with those that 
already got bigger. As oil comes closer to the bound-
ary of layer II, capillaries in the bed get fi lled up by 
drops contacting each other, but oil still has a discon-
tinuous form. In layer III there is a characteristic fl ow 
of consistent oil stream through free space in the bed.

Layer I is only a few millimeters thin. The bound-
ary between layers II and III, depending on a number of 
factors, shifts either in the direction of oil fl ow or in the 
opposite direction. The above description of emulsion 
fl ow through the bed is based on the assumption that the 
whole oil phase undergoes coalescence and leaves the 
bed in the form of drops much larger than those found 
in the emulsion.

One conclusion that might be drawn from the above 
is that pure water fl ows in capillaries of layer III not occu-
pied by oil. However, this is not so, as part of the oil does 
not coalesce. Consequently, it will fl ow out of the bed 
together with the water phase in the form of very diluted 
emulsion. After coalescence, the droplet size increases. 
When a droplet is large enough, it will be pushed away 
from the fabric as an effect of resistance force acting 
against the fl owing liquid. Once out of the bed, large 
drops can be easily removed by gravitational separation.

3.1. The effi ciency of oil separation by coalescence

If we start from the oil mass balance on the barrier 
and assume that the oil concentration at the inlet is con-
stant (Fig. 3):

md = mz + mk + mo (8)

where md = mass of dispersed phase before the barrier;
mz = mass of dispersed phase stopped on the barrier;
mk = mass of dispersed phase released as droplets from 
the barrier; mo = mass of dispersed phase remaining in 
the stream after the barrier.

Then the effi ciency of fi ltration can be adopted as:
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When oil concentration is introduced [2,6]:
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where Co = oil concentration at the barrier inlet [ppm]; 
Cd = oil concentration at the barrier outlet [ppm];
 b = Vw/Vc = density coeffi cient of fi lter packing structure; 

Vw = fi ber volume in the fi lter [m3]; Vc = fi lter volume 
[m3]; hi = effi ciency of fi ltration on the surface area of a 
single fi ber; dw = fi ber diameter [m].

The effi ciency of coalescence fi ltration (capturing oil 
droplets on a single isolated fi ber) [6] is defi ned as the 
ratio of cross-section of part of the stream from which 
oil droplets will be separated to the cross-section area of 
a fi ber set at a right angle to the fl ow direction (Fig. 4):
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where hi = fi ltration effi ciency of a single fi ber; l = 
fi ber length [m]; lp = width of the cross-section stream 
part from which all oil droplets will be separated [m]; 
rw = fi ber radius [m].

The fi lter packing density equals:

/w cb V V=  (12)

(for denotations see formula 10),
and the fl ow speed in fi lter pores w :
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If the length of parallel cylindrical fi bers in a fi lter 
volume unit is:
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then the amount of mixture water and oil fi ltered by a 
fi lter with thickness db:
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Fig. 4. Emulsion fl ow through the unwoven fabric bed and 
oil coalescence; md – oil (emulsion) mass before the barrier, 
mz – mass of oil captured on the barrier, mk – mass of oil 
droplets released from the barrier; mo – mass of oil (emul-
sion) fl owing through the barrier [4].
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A change of oil particle concentration in the fl owing 
emulsion can be expressed as follows:
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After integration, we obtain:
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For the adopted layer of cylindrical parallel fi bers 
and for mono-dispersed oil, we can express the effi -
ciency of fi ltration in the form of the fi ltration Eq. (10):
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where h = effi ciency of fi ltration (purifi cation) of the 

fi brous layer;
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 – coeffi cient of fi ltra-

tion of the fi brous layer.
The separation of oil particles from the fl owing mix-

ture of oil and water in the fabric layer occurs when:

• oil contacts the fi ber surface,
• there exist forces holding oil particles in fi ber surfaces.

Oil particles get in contact with fi ber surface when 
their tracks come across the fi ber surface. Several forces 
can be identifi ed that cause oil particle tracks to diverge 
from the direction of water fl ow:

• inertia,
• water viscosity,
• diffusion,
• electrostatic,
• others: magnetic, terrestial gravity, thermoforesis etc.

Forces due to water viscosity tend to keep oil particles 
along the stream direction, while the other forces coun-
teract it—make oil particles deviate from the stream line.

The effi ciency of purifi cation (formula 18) deter-
mines the quality of the fi ltration process. The accuracy 
of fi ltration is characterized by the mean size of contam-
inant particles stopped by the fi lter.

3.2. Results of oil separation effi ciency tests and volumetric 
and quantitative distribution of oil droplets in unwoven 
fabrics

Figs. 5–8 include the results of oil separation effi -
ciency C0 = f(qv) and h0 = f(qv) obtained from two types of 
barriers FOW and POP2.

l p

dw=rw2

Fig. 5. The effi ciency of fi ltration of a single fi ber.

Fig. 6. The effi ciency of oil separation by a FOW barrier 
FOW; c0 = f(qv).

Fig. 7. The effi ciency of oil separation by a FOW barrier; 
η = f(qv).

Fig. 8. The effi ciency of oil separation by a FINET POP2 
barrier; c0 = f(qv).
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The values of oil concentration after the fi brous bar-
riers do not exceed 50 ppm (FOW) and 16 ppm (FINET 
POP2) at 1% oil concentration before the barrier, while 
at 0.1% oil concentration, the fi gures at the outlet ranged 
from 4 to 20 ppm (Figs. 5–8).

The analysis of oil separation effi ciency obtained 
on coalescence fi brous barriers of FOW and POP2 type 
leads to an observation that the following factors affect 
fi lter performance [1,3,4,7,8,22,23]: fi ltration bed prop-
erties (of the fabric itself, form of structure packing), 
process parameters (Δp in the bed, Re), properties of oily 
water (cd, r0), volumetric distribution of oil particles, 
presence of SPC, mechanical contaminants.

The distributions of oil-in-water emulsion particles 
measured at the fi brous barriers FINET POP2 and FOW 
are given in Figs. 9–11.

4. Conclusions

The tests show that FOW and FINET POP 2 barriers 
can yield satisfactory effi ciency of oil separation (Figs. 5, 
6, 8) at qv = 30 dm3/h with oil concentration at the inlet 
1000÷10 000 ppm. Higher concentrations result in corre-
spondingly higher oil-in-water content after the barrier, 
ranging from 23.8–45.5 ppm, more than the standard 
requirement 15 ppm.

It follows from the above observations that unwoven 
fabric barriers can perform well as diesel oil separators 
when volumetric stream of the fl ow does not exceed, 
respectively 50 and 75 dm3/h, which guarantees rela-
tively effi cient work of the oil separation device.

Another advantage observed in the tests was a low 
fl ow resistance (over the entire range of tests), which 
translated into pressure drop of not more than 0.03 MPa.

An analysis of the distributions of oil droplet size 
for two barriers POP 2 and FOW (Figs. 9–11) has shown 

Fig. 9. The effi ciency of oil separation by a FINET POP2 
barrier; η = f(qv).

Fig. 10. Distributions of oil particles after the fi lter, FINET 
POP 2 barrier.

Fig. 11. Comparison of the volumetric distribution of oil 
particles on the FOW barrier.

Fig. 12. Comparison of the quantitative distribution of oil 
particles on the FOW barrier.
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that in terms of quantity particles with a diameter of 
0.87 μm make up 7.5%, while those with a 30 μm diam-
eter occupy 27% of the total oil volume (Fig. 9).

The measured effi ciency of 99.7% for both barrier 
types is comparable and does not differ signifi cantly 
from other porous barriers [1,4,5,7,8,13,15,22,23].

A fi ltration unit fi tted with such barrier is capable of 
effi ciently separating oil even at very high concentrations 
of oil (diesel oil) at the inlet, as confi rmed by the lab tests.

As unwoven fabric is inexpensive, fabric fi lters in oil 
separators do not have to be reconditioned.
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