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ABSTRACT: Crude oil spilled in the sea is mixed with the sea water by 
the wind and waves resulting in increases in its water content and 
viscosity as time passes. We have constructed a small, transfer type 
circulating water channel of an elliptical cuit-track form. Using an 
attached circulating unit, together with a w> tunnel, artificial waves are 
generated to enable simulation corresponding to the natural circum-
stances in the sea. The experiment disclosed the following results. 

• Drastic changes in the properties (water content and viscosity) of 
the oil depend on the power of waves. 

• Contrasting processes are observed between heavy and light crude 
oils during weathering. 

• Heavy crude oils form a massive water-in-oil emulsion (mousse) 
with increases in both water content and viscosity. 

• Light crude oils behave differently at summer sea temperatures, 
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Figure 1. Outline of circulating water channel 
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Figure 2. (Top) state of weak wave (international class of wave 1); (Bottom) state of strong wave 
(international class of wave 2) 

dispersing into the sea water without making a massive mousse, but 
forming a fragile mousse containing air bubbles at winter sea tem-
perature. 

The experiment on the changes in crude oil properties with the 
passage of time is part of a three-year plan starting in 1993; about 30 
types of crude oil are to be selected from the mainstream crude oils 
imported to Japan. 

In the first year, four types of light-gravity crude oil were selected 
from many types of crude oil being imported in large quantities— 
Oman Crude, Arabian Light Crude, Murban Crude, and Umm Shaif 
Crude. 

Conditions of experiment 

The water channel used in the experiment is an elliptic circuit track 
type (length about 8.5 m, width 2 m). Various types of waves similar to 
sea waves can be made by the wind generated by a wind tunnel and 
directly by a wave generator, while the sea water is circulated by an 
attached pump. The outline of the water channel is shown in Figure 1. 

Two types of waves were used in the experiment: weak waves, sine 
waves with smooth surfaces (class 1); and strong waves, breaking 
waves with rough surfaces (class 2). Figure 2 shows the states of two 
types of waves. 

Since the water channel is installed outdoors and the water tempera-
ture is affected by the atmospheric temperature, the experiment was 
carried out separately in summer and winter. The sea water tempera-
tures were targeted at 25° C for summer, and at 10° C for winter. 

Considering that the slick thickness of spilled oil after several hours 

Table 1. Conditions of experiment 

Case 1 Case 2 Case 3 Case 4 
Conditions (summer) (summer) (winter) (winter) 

Waves 
Wave condition 
Wave height (cm) 
Frequency (s) 
Wind velocity 

(m/s) 
Amount of sea wa-

ter (t) 
Depth of sea water 

(cm) 
Sea water tempera-

ture (°C target) 
Amount of crude oil 

charged (L) 
Slick thickness (mm) 

Weak 
5-9 
1 

2.6 

4 

60 

25 

10 
1.4 

Strong 
10-15 

0.5 

6.4 

4 

60 

25 

10 
1.4 

Weak 
5-9 
1 

2.6 

4 

60 

10 

10 
1.4 

Strong 
10-15 

0.5 

6.4 

4 

60 

10 

10 
1.4 
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FATE AND EFFECTS IN AQUATIC ENVIRONMENTS 437 

in the actual sea is estimated to reach, typically, about 1 mm and that in 
the experiment a considerable amount of added crude oil is lost by 
sampling, the amount of the crude oil used in one experiment was 
determined to be 10 liters (making a slick thickness of 1.4 mm). The 
conditions of the experiment are given in Table 1. 

experimental crude oil was poured quietly on the surface of the sea 
water. 

The crude oil on the surface was sampled at fixed times after the 
pouring until the passage of 4 days (96 hours), and its properties 
(viscosity, water content, and density) were determined. 

Experimental method 

In the experiment, the water channels were set up to maintain the 
wave conditions shown in Table 1. When the waves were stable, the 

Experimental results 

Experiment in summer 
Weak wave. For the Oman crude oil (Figure 3) and Arabian light 

crude oil (Figure 4), the water content exceeded 60 percent with the 
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Figure 3. Results of experiment (Oman crude oil in summer) 
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Figure 4. Results of experiment (Arabian light crude oil in summer) 
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emulsification gradually progressing. The viscosity increased after 96 
hours to about 10,000 cp (Oman crude oil) and 6,000 cp (Arabian light 
crude oil) with formation of emulsion. 

On the other hand, for the Murban crude oil (Figure 5) and Umm 
Shaif crude oil (Figure 6) which are rich in low density components, the 
water content remained at about 40 percent; the emulsions formed are 
rather unstable with a slight increase in viscosity, and easily separate 
into oil and water when allowed to stand for a while. For the Murban 
crude oil in particular, both viscosity and water content peak after 48 

hours and thereafter begin to decrease, indicating the degradation of 
the water-in-oil emulsion. 

Strong wave. For Arabian light crude oil (Figure 4), the water con-
tent, together with the viscosity, underwent a drastic increase to form a 
stable emulsion after 96 hours, with a viscosity of 20,000 cp. For Oman 
crude oil (Figure 3), however, the viscosity increased gradually with 
the increase of the water content as in the case of weak waves. When 
the water content reached 60 percent, the degradation of the water-in-
oil type emulsion appeared, indicating a decrease in the viscosity with 
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Figure 5. Results of experiment (Murban crude oil in summer) 
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Figure 6. Results of experiment (Umm Shaif crude oil in summer) 
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the reduction in the water content. The broken emulsion returns to the 
original crude and sea water; the crude then disperses into sea water as 
fine particles. This tendency is particularly notable in Murban crude oil 
(Figure 5) and Umm Shaif crude oil (Figure 6). Most crude oils 
dispersed in sea water after several hours from the spill. 

Experiment in winter 
Weak wave. For the Oman crude oil (Figure 7) and Arabian light 

crude oil (Figure 8), the water content underwent a drastic increase, 
exceeding 60 percent after several hours, while the viscosity increased 

gradually to reach almost 5,000 cp after 96 hours. The emulsion formed 
is stable and expected to become stronger with the passage of time. 

As for the Murban crude oil (Figure 9), the water content indicated 
almost no increase during the first 4 hours, but increased rapidly and 
exceeded 60 percent after 8 hours. After this point, however, the water 
content began to decrease, forming a fragile, coarse emulsion with 
bubbles included. In this period, the viscosity increased a little with the 
increase in the water content, but did not exceed 90 cp. Umm Shaif 
crude oil (Figure 10) behaved similarly to the Murban crude oil. 
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Figure 7. Results of experiment (Oman crude oil in winter) 
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Figure 8. Results of experiment (Arabian light crude oil in winter) 
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Strong wave. Under strong waves, the water content of both the 
Oman crude oil (Figure 7) and Arabian light crude oil (Figure 8), 
increased rapidly to exceed 70 percent in a short time, while the 
viscosity increased gradually to 10,000 cp after 96 hours, forming a 
stable emulsion. 

With the Murban crude oil (Figure 9) and Umm Shaif crude oil 
(Figure 10), the water content increased drastically to form a fragile, 
coarse emulsion including bubbles, while a part of the crude dispersed 
in the sea water as fine particles. The water content, which rapidly 

increased, began to decrease thereafter, while the viscosity did not 
exceed several hundred cp. 
Results of investigation of the emulsions with an electron microscope 

When crude oil spills in the sea, it is exposed to ambient mete-
orological conditions including the atmospheric temperature in the sea 
area, sea water temperature, and waves, so that light density components 
evaporate in a short time. During the gradual evaporation of medium 
density components, the crude oil takes up sea water. In this case, the 
crude oil with a large percentage of heavy density components makes a 
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Figure 10. Results of experiment (Umm Shaif crude oil in winter) 
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Figure 11. Initial stage of emulsification of Kuwait crude oil 

stable emulsion with remarkable increases in water content and viscos-
ity. 

In the course of emulsification, the surfaces of representative emul-
sion particles were observed with an electron microscope in order to 
investigate the mechanism of the emulsification. Kuwait crude oil was 
selected, because it emulsifies easily. For observation with an electron 
microscope, the emulsion, after being rapidly refrigerated with liquid 
nitrogen, was placed in a specimen chamber cooled previously to 
-120° C. The initial state of the emulsification of Kuwait crude oil is 
shown in Figure 11, and its enlargement is given in Figure 12. These 
figures reveal that fine particles of sea water are dispersed in the crude 
oil. Recessions are found on the periphery of the seawater particles. 

Figure 12. Initial stage of emulsification of Kuwait crude oil 
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Figure 13. Latter stage of emulsification of Kuwait crude oil 

The recessions, which are formed by the sublimation of the light 
density components during electron microscope observation, are a 
phenomenon found in the initial stage of the emulsification. It was also 
found that the insides of the water particles are exposed by the sublima-
tion of water. The latter stage of the emulsification of Kuwait crude oil 
is shown in Figures 13 and 14, which show that the recessions as 
observed in the initial stage of the emulsification are reduced and the 
water particles are surrounded by the heavy density components. 

Figure 14. Latter stage of emulsification of Kuwait crude oil 
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Conclusion and Prospect 

The experimental results can be summarized as follows. 
• The increase in water content and viscosity of crude oil depends 

largely on the wave strength (strong and weak) and the sea water 
temperature (summer and winter). 

• Murban crude oil and Umm Shaif crude oil, which contain partic-
ularly large percentages of light density components, dispersed in 
sea water as fine particles in summer and tended to form a fragile, 
coarse emulsion including bubbles in winter. This tendency in-
creased with wave height and with the appearance of breaking 
waves. 

• Arabian light crude oil showed a larger tendency to emulsify in 
winter as compared with summer. 

• Oman crude oil tended toward emulsification in winter, but ten-
ded to disperse in sea water in summer with an increase in wave 
height and with the appearance of breaking waves. 

• Observation of the emulsion with an electron microscope suggests 
that the heavy density components of the crude oil surrounding 
the sea water particles form a strong protective membrane to 
cause the emulsification. 

Several observations concerning Middle East crude oil 
• Emulsification is difficult at higher sea water temperature but is 

easy at lower sea water temperature. 
• These oils are difficult to emulsify unless affected by offshore 

waves, but are rapidly emulsified by breaking waves when the slick 
approaches land. 

• For oil not yet emulsified, oil booms adequate to cope with the 
quantity of the spilled oil should be stretched promptly to sur-
round it, and a large scale oil recovery machine of a suction type or 
a weir type should be used. 

• For weathered oil, which has drifted ashore, it is necessary to use a 
recovery machine for high-viscosity oil that is capable of treating 
a large amount of emulsified crude oil. 

It is evident from the experiment that crude oil spilled in the sea is 
exposed to the meteorological conditions of the sea area, and will be 

mixed with sea water in various states. This fact indicates that recovery 
of spilled oil should be implemented with the use of the most suitable 
materials, equipment, and processes. In this sense, the accumulation 
and utilization of data on the behavior of various types of crude oil with 
the passage of time is very important. The present experiment on the 
behavior of crude oil is still in an initial stage. Plenty of experimental 
data on various types of crude oils will be collected and distributed to 
all concerned. 
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