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Chaper 4 Study on Influence of 0il Contamination on Desalination
and Powex Plants

4.1 Properties of Spllled 0il and its Influence on Plant Performance

in order to study how spilled o0il influences desalination and power
plants ‘when raw sea water is polluted by oil, it is necessary to investi-
gate the chemical and physical propett1es of spilled oil and their change
with the passage of time.

4. 1, 1 Changing of Spilled 011 ‘with Passage of Time

It is believed that oil spilled into the sea change, initially by the
processes of .evaporation, "dissolution, formation of water-in-oil and oil-
in-water emulsion and by photochemical reaction,

Further, oil in sea water changes its properties through oxidation, poly-
merization, digestion and decomposition by bacteria, etc., and finally
disappears. The natural purification process can generally be illustrated
as in Figs. 4.1.1 and 4.1.2
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Fig. 4.1.1: Natural Changes in Spilled 0il

In the znltlal stages of an oil spill in the sea, low molecular weight
components’ evaporate faster than they are dlssoived in the sea water, and
dlSSIDate ;1nto the air. Components of 0il with a boiling point of less
than 270 °C are believed to evaporate W1th1n about 24 hours under normal,
natural conditions ‘i.e. temperature; approx. 20 °C, wind velocity; aver-
age 4 to 5 m/s, wave height; 30 to 50 cm. Gasoline, kerosene, and about
50% of the contents of gas oil fall into the above category.

— 251 —



Effusion of
erude oil -
into the sea

e

{ about 1/3 _ - ]}aboutll/S .
Digestion and Evaporation
decomposition ' intg air,
by bacteria oxidation and

I - decomposition |
' by oxygen in
air and water -

~{ Natural . _ .'_Natural=
lpurification - 4 purification
| Carbon dioxide gas’ . Water-soluble matter&
water : -] organic acid,
~ - | carbonyl compound, .

alcohol, peroxide, .
sulfoxide, cte

Return - : J Return

iSea water l

Fig. 4.1.2: Decomposition and Purification Process of Spilled 0il

In cases where crude oil is spilled, a laboratory scale experiment - indi-
cates that 1) 10¥ to 40% will ‘evaporate, 1% to 3% wiil dissolve, and ' the
balance will remain in emulsion. However, under real sea conditions,
there are many unknown factors. which affect these estxmates '

As the remaining heavy oil (after the evaporation of its llght dlstlllate
components) ~ will be agitated by waves, a considerable amount - ‘of  water
will mix with the oil. This causes a chenical change due to an accelexa«
tion of oxidation and polymerization. : .

On the other hand, fine partlcles of oil are dlgested and deconposed by
bacteria in the sea to form carbon dioxide and water, which later dis-
appears into the sea water. There is some evidence that a part ‘of the oil
adheres to partlcles (sand étc.) which are ‘stirred up from the’ seabed
near the shore and is deposited Iater on the seabed :

The components undlgested by bacterla are ox1dlzed and decomposed by
oxygen in the air or sea water, and change into water- soluble ‘substances
(accelerated by the photochemical decomp031t10n effect of sun11ght), “and
then dissipate into the sea water '



It has been counfirmed by experiments that .the speed of natural decomposi -
tion  increases as the particle size of the o0il is reduced, as water and
air temperatu1es rise (normally, if the temperature drops to less than 12
°C, -the rate of reduction decreases rapidly), as wave height increases,
and as the paraffln romponent increases.

Genera]ly, the most remaxkable change in the property of the 011 which
occurs during the first 48 hours after the crude oil is spilled into the
sea, is the increase in viscosity of the oil due to the evaporation of
the light components. A part of the spilled oil forms an emulsion and
d1sperses into: the sea water.

Normally,. 011 partlcies with a diameter of about 100 gm form a primary

‘emulsion which is generally unstable and is e3311y separated by gravity
wvhen the emulsion is settled. 1f the emulsion is subjected to a stronger
energy then a secondary emulsion with a particle size of 20 xm or less is
formed, which  remains stable for one week to one month and is hard to
separate 2) :

If a surface actlve agent is present the interfacial tension between the
oil and water ‘decreases and forms minute 0il particles with an increased
emulsion stability.

The'formation of o0il balls is believed to take a longer period, say five
months or’ more according to a trial calculation. 3) The so-called oil
balls have various forms such as jelly, grease or solid, with variations
in their hardness and sizes, Jellied: oil ballis contain much water but
they are chemically almost the same as the original oil.

4.1.2 Changes in Physical and Chemical Properties of Spilied 0il
(a) Water Content

The most 0bv1ous change in the physical property of crude oil spilled
into sea.water is . an ‘increase ‘in its water content. That is, oil embraces
sea water part1cles to form a high viscosity water-in-oil emulsion (¥/0).
An increase in specific gravity, viscosity, and pour point is observable
as the water content increasés. Fig. 4.1.3 shows the time-series changes
in the water content of the crude oil floating on the ocean surface.
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Fig. 4.1.3: Changes in Water Content of Crude 0il in Sea Water
{b) Specific Gravity

Due to the increase in the water content of spilled oil and the evapora-
tion of its volatile components, the specific gravity of the floating oil
increases as time elapses. When sands, dusts, suspended particles, orga-
nisms, etc., adhere to the oil, its specific gravity becomes greater than
sea water f{(about 1.02 to 1.03) causing it to sink to the seabed. Fig.
4.1.4. shows the test results of changes in the specific gravity of crude
vil with the passage of time. '
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Fig{ 4.1f4? Changes in.SpeCEfic Gravity of Crude 0il with Passage of Time
(¢) Viscgsify
The viscﬁéity of.spilled oil increases'as its water content increases.

Fig. -4.1.5 shows the test results of changes in the viscosity of crude
oil with the passage of time.
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Fig 4. 1 51 Changes in VlSCOSlty of Crude 0il with Passage of Time
(d) Pour Poznt_

It can be sa1d that the Iower the pour poxnt of the oil, the more easily
it 13 dlspersed in sea water 'and the hlghez the pour point, the greater
the tendency for the oil to form oil balls. According to measurements
made on' actual oil balls colIected from the sea, the pour point rises
when its  asphaltene/wax content is high. There is a c¢lear correlation
between pour point and asphaltene/wax content. Fig. 4.1.6 shows the test

results of,'changes in the pour point of crude oil with the passage of
time. '
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Fig. 4.1.6: Changes in Pour Points of Crude Qilzin'Sea Water with
Passage of Tine

(e) Evaporation

The first and greatest change ohserved when oil spills into the sea is
the evaporation of .its volatile component; and thus it changes ~in the
constituents of the spilled oil remarkably. The loss -of the volat1le
component of the oil proceeds rapidly. Generally the oil spilled in the
sea is spread thinly over the sea Suxface and is exposed ' to various
weather conditions such as wind, waves, sunshine, heat, etc. Therefore,
the rate of loss at sea should be considerably greater than that measured
in the laboratory experiments :

In one expellment in whlch several klnds of 011 w1th Cinitial  film
thickness of 1.6 mm were kept as they were, : naptha dxsappeared by evapo-
ration in about 20 minutes, gasol'ne in about 8.5 .hours, - and kerosene,
crude o0il and gas 0il were reduced to about. 12%, 60% and 70% respectively
of their initial volumes. 7) Acceording -to the exper1menta1 test results
concerning the evaporation of crude oil, hydrocarbons with carbon numbers
of 15 to 17 or less were almost completely reduced or  dissipated, but
hydrocarbons of higher carbon numbers underwent little change.

{f) Dissolution

According to experimental results concerning the d1ssolut10n :ates‘_of
crude o0il and gas oil in sea water, it was reported that crude oil. dis-
solved in the sea water (50 °C synthetlc sea water) at a rate of 40 to
100 mg/l, and gas oil dissolved in the sea water (20 %3 natural sea wa-
ter) at a rate of 20 to 250 mg/] 32
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Further, - as a result of examining the maximum concentration of dissolved

“pil In a closed vessel, it was .found that about 1,700 mg/1 of benzene,
about 100 mg/1 of ‘gasoline, about 10 to 15 mg/l of crude oil and about 1
mg/1 of kerosene and gas oil are d1sselved The dissolved components were
almost all light components '

“Also, ‘the am0unt'of-light aromatic components existing in the water layer
is more than that of the oil film layer, in the case of gasoline, naptha
and crude oil.. When ultraviolet ray irradiation was applied, the concen-
tration of the dissolved components increased except in the case of
naptha. A particularly remarkable increase was observed in the case of
kérosene and gas oil. At that time, the presence of a component having an
absorption peak.in the vicinity of wave number 3,025 cm™ was observed
and: presumed to have been caused by soluble oxides. (.

According to a.test” result, almost no change was observed in the concen-
tration of crude oil in the synthetic sea water with the passage of time.
However 'in natural sea water, the o1l concentration decreases through
d1slntegrat1on by, bacteria Fig. 4.1.7 shows the changes in concentra-
tion of crude oil in synthetic sea water with the passage of time.
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Geﬁerelly the solublllty of the of 011 into wate1 depends upon the kind
of hydrocarbon as foliows 2)

% Solub111ty-1ncreases as.the meiecular weight decreases.

Volatllity ‘and solublllty show a sxmllar tendency, and light hydrocar-
bons can dissolve: and evapozate easily.

_*.Solub1l1ty'lncreaSes.as the un-saturatlon degree increases.
Table 4 1. 1. shows an example of this tendeney

* Hydrocarbons rwzth a larger polarlty and smal]er molecular weight dis-
solve more easily.
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Table 4.1.1: Solu_bilit'y of Hydr'ocarbons_ (mg/1)

Stréight chain Stxalght chaln Cycllc  '_
hydrocarbon C6 hydrocarbon C6 | hydrocarbon C6
n-octane |  n-hexane yclohexane_
0.66 9.5 o 55
octene-1 'heﬁenefl Cyclohekéﬁe
2.7 50 213 .
I~ . R PR
' ' ‘benzene
1650 .

(g) Increase in Resin Content

Fig. 4.1.8 shows changes in the resin content of the 'spilled oil with the
passage of time. The resin content increases ds time passes, and soft
asphaltene resin in oil suspension increases. Further, it is said that by
measuring the resin component, the time.passed since spillage .can be
inversely estimated. This estlmatlon of time in the case of heavy il is
fairly accurate. 6)
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Fig. 4.1.8: Changes in Resin Component of 0il with Passage;ﬁf‘?ime '
(h) Residual Carbon

The existing ratio of residual carbon in every type of oil except lubri-

cating oil indicates a large increase in COIrelatlon w1th the tlme elaps-
ed after the spillage. 6)
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(i) Total Acid Value

Due = to the processes of oxidation, hydrolysis, etc., formation of polar
radicals such as carboxyl could be assumed. Sanc 9) examined changes of
polar radicals by the 1.R. absorption method for an index of oxidation
and. hydrolysis. 4) It was observed that the amount of pelar radicals in
sea water was very small and could not detect the change.

Accozdlngly they conciuded that considerable formation and decomposition
of polar radicals does not occur. As acid radicals can be analyzed by
measuring the total acid value, even though of extremely small quantity,
changes in it can be measured with the passage of time.

A orapid increase_inhthe total acid value can be observed after 1,000
hours- have elapsed. This is considered to be due to the commencement of
chemical changes caused by oxidation, hydrolysis etc. 9)

_4.1.3-Cbnc1usion-

The follow1ng conc1u31on of the survey is based on technical literature
- available.

The o0il spilled into sea changes and disperses in a complicated manner
owing .to evaporation into the atmosphere, dissolution into sea water, the
formation of oil emulsion consisting of fine oil particles, the formation
of 0il balls, etc. These phenomena vary considerably, and their concent-
ration and pr0pe1t1es depend upon the condition of the oil leak.

The' changes w1th the passage of time also depend upon the kinds and com-
ponents of the crude oil and product oils. Consequently, when studies are
conducted concerning the influence on the power and desalination plant
and on . countermeasures against oil contamination, it 1is necessary to
conduct Studlés'coverxng the various conditions of the pollution, as the
type of. pollution varies with regards to the type of oil spill, time
elapsed since. splliage and distance from the oil spill point.

_By theguse of‘011.fence and by adoptxng a deep sea water intake system
the intake of floating oil into the plant can be avoided. Furthermore,
most of the oil balls coming to the intake can be caught by screens.
However, dissolved oil components and oil emulsion are likely to be drawn
into the plant.

Judging from various literature, the oil concentration coming in the
intake in the case of a large oil spill is considered to be 1,000 mg/l or
less. " Therefore, it'should be suificient if this concentration range is
taken into account and covered in the study of the influence of oil con-
tamination on the plants and the countermeasures ava1lab1e
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4.2 Influence on Efficiency of Sea Water Desalination Plant

WYhen a sea water desalination'plant ‘is operated using Sea:water“boliuted'
by oil, there is concern that an increase of -heat transfer resistance
caused by adhesion of oil to the heat transfer surface of the evaporator,
a functional disorder due to pollution of .the facilities and equipment,
may occur causing a decline in performance of the desalination plant ~ and
difficulties in its operation., The influence of oil pclluted sea water on
the efficiency of all equipment in the sea water desalination plant will
be studied heletn B S : co

4.2.1 Effect on Pumps

The oil polluted sea water enters the desalination- plant through: the
intake screens and intake pumps. Here, large solids are separated:. and
removed by the intake screens, while the-oil dissolved in sea water or in
particle form of diameter 200 gm passes through the oil fence and the
screens and enters the intake pumps, where it is further atomized without
adhering to the pumps. The same process occurs with pumps other than' the
intake punps; no influence on the performance of the pumps is- observed.
10} _ _ S

Table 4, 2.1 shows the spec1f1cat10ns of the the commerCIal pumps used in
the oil atomization tests. 7) : ;

According to the test results shown in Fig. 4.2.1 the lower the oil con-
centration, the more the oil is atomized by each pump, and when comparing
0il of the same concentration, atomization tends to be better achieved by
the gear pump, then the centrifugal pump and the reciprocating pump, in
this succession, : - B S : Seelt

Fig. 4.2.2 shows the particle distribution of 0ils in freshwater and - sea
water according to the kinds of oil when a centrifugal pump is used. .. The
figure clearly indicates that a tendency exists for atomization to . be
best achieved in the order of gas oil, kerosene: and B-type ‘heavy oil.
Further, for each o0il the atomlzatxon rate is higher in freshwater than
in sea water. : : :

Table 4.2.1: Specifications of Pumps Used in Atomization Tests

Item Type Operating Condition
1 No. of | Bischarge Flow
rotations | pressure rate
Pump A | kgfew | mi/hr
Centrifugal. | Single suction | 1500 rpm | 0.7 - 0.9 | 1.0. |

single stage
(closed impeller)

Reciprocating | Horizontal loez 10 | 3.0
Duplex Cylinder stroke/min ‘ -
Gear External gear 950 rpm 1.0 4.0
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4. 2.2 Influence on leat Transfer Tubes

A decline in the performance of the heat exchanger is generally caused by
fouling on the surface of the heat transfer tubes, which increases heat
transfer resistance. Causing of fouling include scaling, precipitation of
corrosive substances, sedimentation of pollut:ng substanceq 1n the sea
water, such as sand, silt and other 01gan1c sludges ete. : :

As a countermeasure to this contam1nat1on, a d351gner flrst estimates the
fouling factor and then provides for a margin in the heat" transfer. area.
Therefore, the heat exchanger shows more than the design begins until the
fouling factor reaches the design value, Once the design value is reached
and the performance starts to fall below the guaranteed level, the con-
taminant must be removed at this time. : o

1f 01l adheres to the equipment due to the use of oil polluted sea water,
the intervals between the cleanings of the equipment should be shortened.
The basic Drocedule for removing contamination is acid cleaning. -In _the
Middle East it is usual to.resort also to an additional method of mecha-
nical cleaning using sponge balls (which can be performed on-line) in
order to reduce the frequency of complicated acid cleaning.

(1) 0it Adhesion to Heat Transfer Tubes caused by 0Oil Contaminated Sea
Water : o

Toyama, et al. 11) conducted experiments concerning oil adhésion to the
tube surface and the separation of adhered oil films using glass = beads,
in order to obtain information about the fouling process of -the tube
surface by oil particles in the sea water, and about the process of
mechanical removing of the COntamznatlon ' ' S

Accordlng to the above experlments, even though conslderable 1rregular1ty
was observed in the adhesion rate of oil particles in the initial stage
of fouling, it was observed that adhered oil particles increased as - the
time passed and reached an equilibrium after repeateéed coaléscence ;and
separation. Fig. 4.2.3 illustrates the 1ec0rded results of the  adhesion
of oil particles to the wall surface, indicating from the top each stage
of initial adhesion, growth, coalescence and coalescence-separation.

Fig. 4.2.4 shows the varzatlons ‘in the amount of oil adhe31on which takes
place with the passage of time, in an acrylic. resin  test tube, “which
confirms that the adhesion quantity of oil particles is greatly affected
by flow velocity and properties of sea water the test tubes. :

The rate of fouling depends upon many factors such-as'properfi65'0f3'the
0il, its concentration, the shearing force of the fluid, properties.  of
the tubing material etc. In relation to the experiments concerning the
removal of fouling, it was found that the separation rate of the paraffin
film which adhered earlier, presented a linear relation with time, and
that the separation rate was almost proportional to the inflow rate. of
glass beads and to the two point fifth power of the -particle velocity.
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In the experiment, castor oil, motor oil and A-type heavy oil (ASTM D 396
No.5 light) were used as a 1% (vol) concentration in sea water. However,
an example is reported in which nearly no adhesion was observed in stain-
less ‘steel tube

Takami et. al 12) obse:ved an adhesion phenomenon on the inner surface of
acryli¢’ resin pipe using B-type heavy oil {concentration of the oil; 500
to 1,000 mg/l 'average diameter of oil particles: less than 100 pm).

As a 1esu1t it was reported that the two processes, i.e. the adhesion of
core-forming 011 D&rthl“S and their growth, were both observed.
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Furihermore, when the adhered particles grew to a considerable extent,
separation and flow of the adhered oil along the internal surface of = the
pipe were ocurred by the shearing force of the main stream {average flow
velocity 0.8 to 1.9 m/s). The total amount of fouling increased g:dduqliy
and eventually reached to satulatxon peint.

As described above, although the]test c0nd1tf0ns were not fully consis-
tent with the actial conditions of 0il contamination in the sea water
desalination plant, it should be taken- into: ron31de:at1on that oil 'gene-
rally adheres to the heat transfer tubes, the extent of which varies
depending upon the material of the tube, the properties of ‘the oil, con-
centration of oil, flow velocity etc. ' S S

(2) Overall Heat Transfer Coefficiént and Fouling Factor

Corrosion products, scales and other substances adhering to the heat
transfer surface increase heat transfer resistance and decrease the over-
all heat transfer coéfficient of the heat transfer tubes. The reldtion-
ship between the overall heat transfer coefficient (U) and fouling fac-
tors R, and R, , which are an index of fouling, is expressed in Equation
(4.2). - :

In Equation (4.2), when the oil is mixed with sea water, the main factors
which affect the heat transfer are h, and R,. When the oil is shifted- to
the condensatijon chamber and condenses on the outer surface of the heat
transfer tube, h, and R, will change. '

Therefore, each of these factors wili'be studied,
U =1/(y r) + I (ro /1) /Ar + /by 1o + Ri/re + RofTo (4.2)
Where, |

U: Overall heat transfer coefficient (per unit length) (kcal/m h °C)
h,: Inner wall laminar heat transfer coefficient (kcal/m’ h °C) -

he: Outer wall condensation heat transfer coefflcxent (m)

y1: Inside radius of tube (m) ' :

At : Heat conductivity of tube (kcal/m h “C3 _

Ry: Fouling factor inside tube (m? h %L/(kcal)

R,: Fouling factor outside tube {(m® h (3/(kcal)

n : Hour

(a) The inner wall heat transfer coeff1c1ent h; is expressed by Equatlon
(4.3). Here, when sea water flows inside the tube, . the factors of (a)
bulk brine viscosity and (b} adhesion of bontamlnatlng 011 o_‘the
heat transfer surface, will. affect heat transfer - '

hi =0.027 R*P}? (m,/uw)‘?'”k/wl I @
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Where,

Re:” Reynolds number (=271G/ry (-)

- Pr: Prandtl number (Cpu g/k) (-)

w2 Bulk brine viscosity (kg/m h)

ww: Brine viscosity on tube wall (kg/m h)

k: Heat conductivity of fluid (kcal/m h “C)

G: Mass velocity of brine (kg/m? h)

Cp: Specific heat under constant pressure (kcal/kg °C)
g: Gravity acceleration (m/h?)

At first, in relation to (a), Equation (4.3) shows that h, is propor-
tional to  1/.0%%7 . Therefore, according to this equation, when the
viscosity increases by 0.5% H, decreases by 0.3%. When oil contamination
is calculated to-be less than 0. 1%, the variations in the viscosity of
the o0il contaminated sea water is considered to be léss than 0.5%, (since
there is ng liferature concerning the viscosity of oil contaminated sea
water, 'the value is assumed from the viscosity of ovdinary slurry. 135}

Accordingly, the influence on h, is very small, a decrease of 0.3% at the
most. oo oohT '

Further, in relation to -(b), when contaminating oil adheres to the heat
transfer surface, the extent of the decrease in the U value may be calcu-
lated using Equation -(4.2). When the U value is calculated on the assump-
tion that sea water flows at the inner wall heat transfer coefficient bh,
of 3,000 kcal/m* h °C: in a tube made of copper alloy with a nominal dia-
meter of ~ 2BA, to which oil (heat conductivity 0.123 kcal/n¥ h °C) is
uniforuly adhered in a civcumferential divection with a thickness of 2um
(refer  Fig. 4.2.4), the U value decreases only by 0.5% of its original
value without oil adhesion.

The above stated condition is hardly considered in actual cases, and it
would bhe 'more probable to expect the adhesion of the oil to the wuneven
surface - of “the alkaline scale already formed on the tube. However, uno
evidence has ‘been found so far in connection with this.

(b} The outer wall condensation heat transfer coefficient h, is shown in
Equation (4.4) when the volume of non-condensation gas is large.

_hgsﬂﬁaprﬂﬂﬁaﬂﬁ__=- | (4. 4)

From Equation (4.4), the influence of the viscosity can be said to be the
same as h; because ho is propertional to 1/ e 27

However, as will be described in 4:4.3 (2) <Example 3> there is a infor-
mation that when oil and water vapor condense to form an emulsion, the
oil behaves differently. Therefore, it will be necessary to confirm the
above phenomena in this respect.
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Furthermore, Hazelton and Baker developed ‘Equation (4 5) fo: the conden-
sation of a two-component vapor such as water and benzene, - toluene or
chlorobenzene etec. 13) It is evident from this equation that when the
ratio of 0il to condensing water is very low, the influence on. the outer
wall condensation heat transfer coefficient h 0 is also low.
In the case of a horizontal tube: :

hn :257{ [Wt% he "“207{[ (WL/) Ao + (Wt/) w)\w ]/(Wt ) D*l/d . (4.5

ro: Condensation latent heat of organic matters
Aw: Condensation latent heat of vapor
D: Inside diameter of tube

(¢) Values :of .inner wall fouling factors R,, ‘which are ddopted as - the
standard values corresponding to the different kinds of fluid, are
shown in Tables 4.2.2 through 4. 2.4. 14)15) :

When sea water and fuel oil are compared, . the fou11ng factor of fuel oil
is ten times greater than that of sea water, and in the case of gasoline
and kerosene 2 times and in the case of gas oil fouling 'factor is- 4 to 6
times greater than that of sea water. These values, however, are -appli-
cable to a 100% oil, and the fouling factor in the case of a 0. 1% oil in
sea water may be regarded as almost the same as that of sea water

As described above, the influence of oil contam1nat10n on hb,tm, and Rh
is extremely small. Its total effect on the overall heat transfer coef-
ficient U is also small as can be seen from Equatlon (4. 2).

In the desxgn of a sea water desallnatzon plant for the Middle East it is
recommended to employ the values -indicated in Table 4.2.8 for the fouling
factors in order to maintain highly reliable and sat1sfactory “perfor-
mance. 16)

The fouling factors prescrlbed in the spe01fzcat10ns for - the . subject
plant in UAN have the same or greater values. as those 1ndlcated in. Table
4.2.8 and a suffxcxent allowance has been provided for the heat: transfer
area. Therefore, if fouling of the heat transfer area takes place to some
extent due fo oil contamination, it will not directly affect the perfor-
mance of the plant. ' :

Also, as a ball cleaning system is provided in the heat recovery. secfion
and the brine heater, the allowance should be further expanded,
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‘Table 4.2.2: Fouling Factors Used by TEMA 15) (Water)

_Unit: m’ h °C/kcal

Conditions

Temperature of heating up to 115

fluid (°C)

Tewperature of waterﬁﬁcj 52 or less

Velocity of water (m/s) 1 or less Above I_—
. Fluids

'seg water | 0.0001 { 0.0001

Top water, Well water,
Boiler feed water, 0.0002. 0.00602
' Cooling_watef ' ' S |

Distilled water | 0.0001 | 0.0001
Hard water (15 grains/gas 0.0006 0.0006
or more) '

River water (average) 0.0006 - 0.0006

Remark: 1 grain = 0.0648 g

Table 4. 2.3: Fouling Factors Used by TEMA 15) (Various Fluids)

Unit: m* h °C/kecal

0i1, — Gas/Vapor Liquid
Fuel '0i1 1 0.001 { Organic Matter | 0.0001 { Organic '
o Vapor Matters
e & : Rrigerant
Mdchine 0i1. | -1 Water Yapor ' Liguid
N {without 0il |
FETU Bearing) 0.0001 0.0002
.| Transformer - _
Oil . | Alcohoi Yapor Brine (for
qa 0.0002 | . Cooling)
Clean = _ - i
Lubricating _ Water Vapor .| 0.0002
oir- o {with 0i1 :
: : Bearing) -
Quenching 0.0008 | Refrigerant 0.0002
0il . S Vapor : '
‘Vegetable ' | 0.0006 | Air 0.0004
it L o B B
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Table 4.2.4: Fouling Factors'Used'by TEMA 15)(Vayious 0i} Products)
m' h °C/kCaI '

Gasoline 0. 0002

Naptha 0,00021

Kerosene  0.0002 -

Gas 0il° ~ 0.0004 - 0.0006

_Heavy 011 G, 001

Table 4.2.5 Fouling Factors in Seavater Desalination Plants

Sectgghs _ | -fAHFohlihg7Féct6rS 1
- et b, *Crkeal
Brine Heater © - © 0.0003
rm_lf;f:a:;_m;«;:(')x.ré:ry_Se:cti_onj o 0.06017_' “
Heat Rejection Section 0.006;_—4_—$

4, 2.3 Control and Instrumentation

As the control and instrumentation systems are indispensable for mainte-
nance and operation, the function of the sensors which monitor the. con-
ditions of plant operation, such as the flow rate, temperature, pressure,
etc., must not be interfered with by oil contamlnatxon

These control and instrumentation systems are d1v1ded into: two categorxes
depending upon the importance of their operation and control. One is the
control of process conditions, and if any abnormallty occurs in' their
function then operation itself becomes impossible. The following control
systems belong to this category:. : '

(a) Brine temperature control system
(b) Flow rate control system
(¢} Level control system

The other category is the control and mon1t0r1ng 1equ1red for malntalnxng
the stable performance of the plants, although if any abnormality : occurs
then operation can be continued for a short periad without ‘the support of
these systems, The following contrel and 1nstrumentat10n systems belong
to this category.



(d)'Conducfivity measurement system
(e) Chemical injection control system

a) Anti- scalant injection control system
b) ph- cont:ol system

(f) D1ssolved oxygen measurement system

(g) Temperature and pressure gaugeq installed in various sections
of the plant.

Now, in the subject plants, all control systems other than the (e) -b)y pH
control system and the dissolved oxygen measurement system are installed
as indicated:in Fig. 2.1.2 and Fig.. 2.1.6. Of those control and measure-
ment - systems,. ‘the (e)-a) anti-scalant injection control system has no
connection ‘with oil contamination since. it does not .come into contact
with sea water.

in cases where oil- adheres to-the: (d) conductivity measureément system and
the ({(g) temperature and pressure gauges, they can be taken out during

operation. for a short time and cleaned by organic solvents. Therefore,

the effects on the (a) maximum brine temperature control system, the (b)

flow rate control system and the (c) 1iquid level control system will  he
tudled here.. S

(1) Max1mum Brlne Temperature Control Systenm

The control-system for the maximum brine temperature in the subject plant
is of -a type in which the brine temperature at the outlet of the brine
heater. ‘is controlled by adjusting the vapor volume at the inlet of the
brine ::heater. The temperature is monitored by a thermocouple which is
covered by a protector tube made of stainless steel. Accordingly even if
oil is mixed with the brine, there is almost no influence on heat con-
ductivity, and unless the protector tube is corroded or the thermocouple
is daméged the system shOuId never be affected detrimentally.

(2) Flow Rate Control System

Orxfxce type flow meters are used for the measurement of the flow rates
of the sea water used for cooling the heat rejection section, circulating
brine, make-up sea water and product water in the subject plant.

This. is .a system which converts the differential pressure occurring
before and behind the orifice, into a flow rate, and even if oil is mixed
with the fluid to be measured the indication of the flow rate is never
dffected
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(3) Level Control System

Another Iimportant control system related to oil. ‘contamination 'is the
liquid level <control system located in the flash chamber of  the  final
stage. This system controls the brine flow rate in the final stage by
adjusting the opening rate of the blowline outlet valve which - branches
off from the brine circulation pump, The- monitoring signal for the liquid
level is the vertical displacement aof the float; the effect of oil con-
tamination in the displacement of the liguid level is negligible.

4. 2. 4 Influence on Degaslfler (Deaerator)

Since the subject plants employ a chemical injection method for the pre-
vention of scaling, no decarbonator is installed, which places the deae~
rator %1 as the subject in the study of the degasifier.

Note: *1 Shape of the deaerator is not a tower shape but a s1m11ar . shape
as a evaporator. ' '

Also, of the two types of the subJect plants, West No 1 - 6 units . adopt
a combined deaeration system of the make-up water spray method: and the
steam stripping method which uses steam generated from the 14th stage.
On the other hand, East No. 1 - 3 units. employ only the makeé-up -waters
spray deaeration method.

While the performance of deaeration is subject to many factors such as
internal structure, venting rate, etec., each deaeration system is most
influenced by the height of the tower which is determined by Equation
(4. 6) in cases where the Quantlty of process water per unit cross section
of the tower 15 constant. - :

Z = (NTU) x (HTU) o | _'_ o . _ (4.6}
Where,
Z. Effective height of tower (m)

(in the case of a sprayftower;,the_hEight of spray'st;atum)
(NTU) ; Number of transfer unit (-) : S :
(HTYU) : Capacity coefficient (-)
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Diagram of Spray Tower

In Equation  {4.6), wh11e NTU is readily determined by the difference in
concentratxon before 'and after processing, but there are different ways
to  calculate HTU depending oii the ‘internal structure of the tower, the
method of processing, etc. Further, the design engineers possess practi-
cal  know-how and often employ different eguations. Since Eguation (4.7)
17) has already been ascertained as applicable to the spray tower, the
influence of oil contaminated sea water inflow will be studied by making
use of thls equatlon in this paper.

HT-U/d'.——{)_.OZl (dn/Z) 7987 (R,) (We) 70873 {(Ga) 020 (5. ) 05 (4. 7)
Where

y73%- V:scos1ty of 11qu1d {kg/m h)
e Density of liquid "(kg/m®
D¢: Diffusion coefficient - (m?/h)
dn: Diameter of spray nozzle (m)
"Re: Reynolds number (= dnUnpy/z: ) ()
Ga: Galilei number (= digoe?/uf) ()
W Weber number (= dnU%o./c ) (-)
Sc.:Schmidt number (= £u/01 D) ()
Un: Flow velocity ‘at nozzle (m/s)
'g: “Gravity accelération (m/s?)
o3 Surface tension (kg/s?) . -
z: Effectlve helght of tower (m)

¥hen the deaerator employed in the subject plant is regarded as the spray
tower system and attention is directed to Equation (4.7), the factor most
inf luenced’ by ‘the 0il contaminated sea water is assumed to be the vis-
cosity - of liquid 1. When the terms of viscosity are extracted in Equa-
thH 4. 7), HTU is proportlondl to /491

For example, if an increase in viscosity is at a level of only 10%, Ty
decreases by 1%, which means that the performance of the spray tower is
slightly more favorable.



Other than in the above situation, a study of oil adhesion on the nozzle,
as another influential factor on HTU, will be necessary. That ' is, -when
heavy oil flows into a nozzle with a hole diameter of several milli-
meters, the oil adheres to the nozzle and causes a change in the shape of
the spray. In this place, only the hole diameter and flow speed are
changed. : ' C :
S L R O ¥ R DU

HTU becomes proportional to dn U~ , and is affected by the
changes in Equation (4.7). Even in the case where :the hole  diameter
becomes smaller, the flow velocity, Un , increases in proportion to the
square of the hole diameter, dx , so long as an allowance remains in the
pump capacity. Consequently, in total, HIU is proportional d%?4 For
example, if the hole diameter is reduced 10%, HTU decreases by 8%, giving
a favorable tendency to the effective height of the tower as in the case
of an increase in viscosity.

Nevertheless, in reality, as most of the heavy oil is removed ‘at the
strainer, screens and elsewhere before it reaches: the nozzle, the -influ-
ences of the hole diameter and the Flow velocity need not be taken into
consideration. A change in the shape of the spray caused by. a  chemical
reaction between the nozzle material and the 0il would, rather,  have -a
greater effect. : S

4.2.5 Influence on Brine Heater

The brine heater generates a driving force to enable the brine to ‘eva-
porate in the evaporation chamber and, in.the case of the subject .plant,
to raise the temperature about 80 °C to 90 °C. When. oil “is - included
under such conditions, gasification and transmutation of the oil does not
occur at those temperatures, but the viscosity will be somewhat reduced
due to a rise in the temperature, resulting in:better fluidity. There-
fore, it 1is difficult to believe that the oil mixture - would cause a
deterioration in the heat transfer efficiency. o

4.2.6 Influence on Vacaum System

The vacuum system mentioned is a system whlch (a) VPntS 1n00ndensab1e gas
from the evaporation chamber and (b)deaerated gas and water vapor - from
the deaeration tower, (c} releases the exhaust gas to the atmosphere, and
(d) transfers the condensed wafer (drain) outside the system. The equip-
ment comprises of a steam ejector which reduces the pressure 1n the sys-
tem and extracts incondensable gas, and a vent condenser or “an ejector
condenser which cools and condenses the exhaust gas

From the deaerator, 1ncondensable gas such as‘oxygen, nifrogen,.zlarge

quantities of water vapor, and components of oil .with low b0111ng ;points
are vented. o . T o
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On the other hand, since volatile oil other than those removed at the
deaeration tower is condensed along with water vapor after evaporation,
the gasses vented outside the system are mainly composed of uncondensed
water vapor, oil vapor and carbon dioxide gas produced by the decomposi-
tion of. ¥1CX)€on contalned in sea water

Now 1f these gases flow into thc system, there.is the possibility that
the gases: W111 not be entirely condensed but discharged into the atmos-
phere. 'This will depend on the cool1ng capaC1ty of the vent condenser or
the. eJector condenser

Also, the drain produced here contains oil components with low boiling
points.  Since the subject plant is of a type which returns the produced
drain - to the condensation chamber, the drain is mixed with the product
water and is partxally recirculated into the vacuum system. Thervefore, it
should.  bé necessary to make ‘arrangements to d1scharge ‘the drain outside
the system or to remove 0il f;om the drain transfelzed to the condensa-
tion chamber .

Further as the vent gas has a foul odor and contains trihalomethane
mentloned 1n 4. 5 there is the possibility that it will cause air pollu-
4-1013 E . ) .

4.2.7 Influence on Evaporation Chamber

The components of volatile oil other than those removed at the deaerator
are . flash-evaporated in the ‘eévaporation chamber and condensed onto the
external = surfaces of the heat transfer tubes, after passing through the
demister along with the water vapor. The condensed water and oil forms a
binary liquid phase ‘or an emulsion state, partially forming a mono-liquid
phase in which 0il is dissolved into water.

A problen with the evaporation chamber is that the oil separated into the
binary liquid phase adheres to and contaminates the product water trays
or the side walls in the condenssation chamber.

4.2.8 Cbnclusion

As mentioned above, influences on the performance of equipment and sys-
tems when oil contaminated sea water is used as raw sea water in the
desalination plant, have been discussed. In relation to the influence on
heat transfer, which is the most fundamental technology, if the concent-
ration of the contaminating oil is as small as 0.1% or less, the .influ-
ence ‘on 'the properties of the sea water (viscosity, specific heat,
ete.), is. so small that the oil mixed in sea water is not considered as
capable of directly affecting the heat transfer efficiency.
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1f there is any influence on efficiency, it will probably be a. reduction
in the heat transfer efficiency caused by fouling, but -such influence
arises very slowly. The amount of oil adhesion in the heat transfer tubes
differs markedly depending upon the surface condition of the heat trans-
fer tubes when the oil is mixed in. However, -in actual practice, the
influence will not be so great as to cause changes in operational condi-
tions, over a short period of time {one week to 10 days). There may be
some influence to cause the timing of acid cleaning to he. advanced. -

However, in order to make a more precise evaluation, it is necessary Lo
learn more about the properties of the emulsion, such  as adhesion of
emulsion to metals, etc. T '

The problems which directly affect the performance of hardware are  the
deformation of the spray nozzle in the deaerator, caused by the -adhesion
of 0il, and . the accompanying decline in the performance .of the deaerator.
1f the nozzle is made of metal, almost no problem may arise, but if it is
made of an organic material, the above problem is_likely to occur. There-
Fore full attention must be paid when the nozzles are replaced.

The greatest problem is the deterioration”in“quaiity ofﬁ'thef<product
water, which 1is one of the importani topics under investigation._3_1he
quantitative aspects relating to the deterioration in water quality will

be described in detai! in 4. 4.
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4. 3 Influehce on Performance of'iner Station

The. power station WEST No.1 to 6 units, the subject of this study, is of
a conventlcnal type, using sea water as the cooling medium of the surface
condenser and of various other kinds of coolers. When the power station
is -operated using oil poliuted sea water there is the possibility that
there will be a reduction in the cooling efficiency of wvarious cooling
equipment, caused by the increase in contamination and following increase
in the heat transfer resistance which occurs on the cooling surfaces due
to'oil particle adhesion-and the dissolved oil in sea water.

As clarlfied in detall in 4.1.2, con51derable changes in the physical and
chemlcal ‘properties of “the spilt oil can be observed by the time it
arrives at the intake po1nt of the power station, and it is difficult to
estlmate the exact nature of the changes which would occur. Therefore,

some - presumptlons are forced to make about the influence of oil in a wide
range of areas. -

Wheré sea_ water is contaminated with oil, the floating o0il is alwmost
completexy removed by the oil pollution protection dev1ces and the intake
structure eguipment, but oil dissolved in sea water, or undissolved but
in the form of emulsion; would be able to pass through such devices and
equipment and reach the power station equipnent.

ACCordingly, presuming that the influence on the cooling efficiency on
the systems arise from a comblnatlon of the two phases 40), the influence
of dissolved oil on heat transfer and the influence of a reduction in the
cooling area due to the adhesion of minute cil particles, undissolved but
in emulsion (fouling), will be clarified in 4.3.3 (1) to (3) and 4.3.3
{1} ta (2) respectively.

Among. ‘311 the equipment subject to oil pollution, the most essential

equipment . ‘in the power station is the surface condenser where the steam

- ‘exhausting . from the steam turbine is condensed at a saturation pressure

(below atmcspherlc pressure, that is, a vacuum), corresponding to the
condLnsate temperature attainable by sea water cooling.

The potent1al_for a reduction in the condenser cooling efficiency influ-
ences the steam turbine exhaust pressure and thus the performance of the
power station

The relationshlp between condenser pressure and turbine heat rate for a
typical :turbine generator is shown in Fig. 4.3.1. The power station per-
formance, thermal efficiency of the power station being the product of
the turbine efficiency (turbine heat rate) and boiler efficiency, is
decreased by the increase of the condenser pressure.

— 275 —



Fig. 4. 3 2, which shows the relationship between condenser pressure: and
condenser tube cleanliness, makes it clear that the decrease .in the con-
denser vacuum (increase in condenser pressure), due to a decrease. 1n_ the
condenser .tube cooling efficiency, decreases the thetmdl effluiency of
the power station. . . ‘ . y
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Fig. 4.3.1: Net Turb}ne Heat Rate versus Condenser Pressure for
Typlcally Large Turbine Generator 41)
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Fig. 4.3.2: Degree of Vacuum versus Tube_Cleanlihesé
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As sper1flc turblne generator/condenser relatlonqhxp curves for the sub-
ject station under’ consideration were not available, both figures men-
tioned above are for a typical value. In Fig. 4.3.2, with an increase in
cleanllﬂeSS_ of approx. 1%, the condenser vacuum decreases approx. 0.1
mmg (the condenser pressure increase, approx. 0.1 mmHg).

while in Fig. 4.3.1, with the condenser pressure increase of approx.
1mmHg, the turbine generator heat rate rises (worsens) approx. 0.05% at
the vacuum design point, 3.5 in Hg abs. (0.115 bar abs). This means that
with a decrease in condenser tube cleanliness of approx. 1%, the decreas-
ed rate_6f_thermal'efficiency of the station is about 0.005%.

The cleaniinééé decrease equals the overall heat transfer coefficient
decrease, or the decrease of the cooling efficiency.

4, 3.1 Inf}ﬁeﬁée on Pumps

The pow6riétafi6n haslvertiﬁai'water pumps only, in the sea water cooling
system, which are subject to oil pollution, common to the adjacent dis-
tillers. The influence.on.pump performance is described in 4.2.1.

4,3.2 Influence on Inst%umenﬁation

Only the pressure gauges and thermometers are in the sea water cooling
system of  the power station, and are subject to oil pollution The
influence on their performance is described in 4.2.3. The sea water
cooling system diagram is shewn in Fig. 2.1.13. '

4. 3. 3'Ihf1uenée.on.Héat'Tfénvfer at Condenseer Tubes

(1) Inf]uence on Overall Heat Transfer Coeffic;ent of Surface Condenser

1) Approach to Study on Influence

Overall heat trénsfer coefficient K is generally calculated as follows

K= — (kcal/af h °C) (4. 8)
A (LMTD).
Where,

Q' Total heat to be cooled in the condensers
A Coolxng area on the sea water side of condensers
(LMTD)_ﬁLogarILhm1c mean temperature difference

In Daféliél . the overall heat transfer coefficient K is generally ex-
Dressed also as follows. '

K== Qweas XF (kcal/t °C) o ' : 4.9
awta

W

— 277 —



¥here,

aw: Heat  transfer coefficient on the sea water side (of turbulent
heat transfer inside tubes} of condensers g .

a.: Heat transfer coefficient on steam side (of condensing heat
transfer outside tubes) of condensers

F: Cleanliness factor of condenser tubes

0il poliuted sea water passing through the condenser cooling tubes does.
not affect as because of its posttion on the steam side. . The  influence -
of dissolved oil is expressed by the decrease in aw, as clarified in the
above equation (4.9). Also, the influence of the condenser cooling area
reduction caused by the adhesion of minute 0il particles, undissolved but
in emulsion, means a decrease in A, in the above equation_(4.8), or - a

decrease in F in the equation (4.9).

The approach to the study of the influence is, accordingfy, td 'eétimate
the decrease of aw and A separately, and to clarify the influence on the
surface condenser overall heat transfer, through the equation_(4.9).

2) Influence of 0il Particle Adhesion on Heat Transfer

Within the inflowing oil-in-water emulsion, minute oil particles which
adhere to the cooling surface eventually impede its heat transfer func-
tion. ' '

According to experimental test results on oil adhesion 12), the oil ad-
hesion rate of approx. 55x104 cc could be saturated after more than 6
hours of inflowing oil-in-water emulsion with an oil concentration of 500
to 1,000 ppm, at water temperature of 15 to 16 °C, using B heavy oil of
specific weight 0.92, viscosity 140 cSt (20 °C), in acrylic resin pipe of
20 mm 0.D. and 1.0 m length. The test water velocity inside the pipe was
1.5 to 1.9 m/s, which is almost equal to the actual sea water velocity
inside the condenser cooling tubes. ' S

Using the test results, it can be estimated that the oil particie ' adhe-
sion area inside the pipe would be less than approx. 0.6% of the total
area, on the assumption that the mean size of the oil particles is 20
micron, in the emulsion flow. - o o ' Lo

Although tests on steel tubes and/or sea water which were conducted under
conditions similar to those of the specific surface conderiser of ‘the
station have not been found, the tests estimate that a decrease .in the
‘cooling area, or decrease of héat transfer due to oil particle adhesion,
would be less than 1 to 2% for the surface condenser, which can actually
be neglected. ' ' -

3) Influence of Dissolved 0il on Heat Transfer

Let us estimate berein how K is decreased by the decrease of aw, keeping
as and F constant in the equation (4.9). g o L

— 278 —



The heat't:ahsfer coefficient on the sea water side aw can be expressed

as follows 38), because Reynolds number Re is calculated as 3 X 10,

which means conplete turbulent flow inside the cooling tubes.

08‘~><Pr'4 x Aw/di (kcal/nm?® h °C)
(4.10)

aw = Nu h=4 .)kw/d.l 0. 023 X Re

The heat-fraﬁéfer coefficient on the steam side @s can be expressed as
follows -38). Cutside the cooling tubes, the heat is transferred through
laminar flow film formed by condensation.

as=1.51¢ (4G/g°7?s)”1’3' (g 72/ ¥ Ade?) V3 (kcal/mPh°C) (4.11)
. Where,

IQU: Nusselt number o :
R. : Revnolds number = Wi-di/Ww
P, : Prandtl number = Ww/aw
Wi: Cool1ng sea water velocity inside the tubes
' 1.9 (m/s) = 6.48 % 103 (m/h)
di : Insldekd1ameter_pf the tubes =:0.020 (m)
V.: Kinematic viscosity of cooling sea water
.= B* 77W/Cr\\ (rn"/h)

aw;. Thermal diffusivity of cool1ng sea water

R t\w/()pw'aw(mg/h) )

vm.COndensate flow rate per tube length ln (kg/h md)

7s: -Viscosity of coollng sea water (kg b/m’

¥ : Viscosity of_cpndensate kg h/ m? )

‘A: Evaporation heat (kcal/kg)

Aw: Thermal conductivity of cooling sea water (kcal/h 'm °C)
As: Thermal conductivity of condensate (kcal/h m °C)

aw: Specific weight of cooling water (kg/n¥)

as: Specific weight of condensate (kg/nv)

pr Spec1f1c heat at constant pressure of cooling sea water

(kcal/kg °C)

ew can be epre%sed as follows, changing the equation (4.10).
aw———() OzngosxPD“XAw/dl
= 0,028 (wi- dl aw/gnw) 0. 8 -(g Copw » v“/A“)°4(AM/dO
= 0, 0338 )\ Se B o (4.12)

When t(%) is a concentrat10n rat10 of dissclved 011 in sea water,

oo

Aw _0_. 583 (1— 0,782 X 107% x ) (kcal/h m °C)
Gw ="1020 (1 —0.118 x 102 x t) (kg/m)

Dw = 2.28 > 1078 (1 +.1.220 X 1072 X t)3 (kg h/m)
pr = 0,956 (1 - 0. 530 X102 X t) (kcal/kg °C)

B

Then, the follow;ng equatzon ‘can be obtalned from the equatlon (4. 12).
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aw = 6,99 X 103 x f(t) 4.1

(1) = (- 0.782% 107200 x (1 —0.118 X 1072 X1)0.8
x {1 — 0 530 X 19r X0t % (14 1.220 % _10*2?.;0*--1..2

The following numbers are adopted in the above equation on thc abqumptxon
that sea water temperature is approx. 30 °C.

Items Sea Water  Crude oil
1 (kcal/h m °C) 0.583  0.127
o (kg/nr) 1020 900
» (kcal/kg °C) 0. 956 0. 448
E (kg s/n1) _ 0.82 x 107*  9.00 x 107*

The result of the calculation of KI/K is shown in Fig. 4.3, 3, where K, is
an overall heat transfer coefficient of 'the condenser tubes- under the
concentration ratio, t, of dissolved oil, and K is the same coefficient
without 0il pollution. : = :

K!/K is expressed as follows from the eguation (4 9)
KI/K f(t)x(&\\xas)/(f(t) xﬂ’wxas)
=) XEXaw/(FX{{t) Xaw—f{{t) XK+K)
If t = 0.1, f{t) can be calculated as 0. 998 and thenﬁK?/K 0 999,
This number means: |
Even under a concentration of 1% of dissolved oil in sea water, the de-
crease of ‘the overall heat transfer coefficient would be  estimated at

only approx. 1% for the surface condenser, without oil . adhesion inside
the cooling tubes, 100 |

04a%

(Assumption)

o3 3 7 o= 0.8 {80%)
K = 2,600

{Clean Sea Waker)

. L

¢ 50 100 E
Dissolved 01l Conconfratlon
in Sea Water

Decrégse of Overall Heat Tramnsfer
Coefficient in Condenser (K'/K)

¥': ¥ under oil-polluted sea water

Fig. 4.3.3: Decrease of Overall Heat Transfer Coeff1c1ent
versus Dissolved 0il Concentration in Sea Water
(without Dil Adhesion)
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Fig. 4.3.4 shows the solubility of hydrocarbons and petroleum fractions
in water at total steam pressure.under’ laboratory conditions. 39) By this
curve, it can be seen that the oil concentration ratio in complete dis-
solution would be 0.002 to 0.05 mol ¥ in water under 100 to 200 °F.

However, as explained in Chapter 2, oil properties would be changed wide-
ly by the following phenomena, and the actual decrease of the overall
heat transfer coefficient, theoretically calculated as 0.1% in the above,
would’ probably either be magnified further with the secular inc¢rease aof
oil solubility, or be lessened further if the oil is in the pre-dissipa-
tion state, as dissolved oil properties become closer to those of sea
water. : ' ' : '

% Water content in oil increases with the time elapsed and the specific
weight as well as the viscosity increase with the water content
increase (refer to Figs; 4.1.3 and 4.1.5).

% Specific weight ~of 011 increases with the time elapsed through the
evaporaf1on of the volatlle components (refer to Fig. 4.1.4).

* Approx.lSO%'of'the gasoline, kerosene and gas oil components are
evaporated within 24 hours of the oil spilled. The heavier weight com-
ponents rema1n in the sp111 011 (refer to 4.1..1).

* Sp1lled 011 flnally dlSSlpatES ltself 1n sea water (Fig. 4.1.2).

Taklng-the above into con51derat10n, it can be estlmated that the overall
heat transfer~ coefficient would actually be decreased to less than
approx. 1%, since there are (wo opposite tendencies to increase and de-
rease. I : I R : :

(2) Influence on Overall Heat Transfer Coefficient of Various Different
K1nds of Coolers

The oVerall heat transfer-coeffiCient K is also expressed in Eqguations
(4.8) and {4.9), for the coolers,

In comparison ‘with surface condensers , the sea water flow in service
water .coolers and turbine 0il coolers, both of the shell and tube type, is
quite complicated due to the turbulent flow occurring outside the tubes,
partly parallel to the tubes lengthwise, partly perpendicular to them,
partly diagonally, as well as partly bypassing through the leakage be-
tween shell walls and baffle plates. The estimation of the heat trans-
fer coefficient under such conditions would be complicated.

It can at least be presumed that oil particle adhesion ({outside the
‘tubes) can hardly take place in the service water coolers and turbine oil
coolers, while it would be at the same level as the surface condensers in
the generator air coolers, because sea water flows inside the tubes.
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The influence on the overall heat transfer coefficient of the various
different kinds of coolers would consequently be at the same level as
that of the surface condensers or. less. As a slight decrease in the cool-
ing efficiency neither affects the operation nor performance of the power
station, numerical estimation is omitted herein,

(Note) Cleanliness means reducing the rate of the overall heat transfer
coefficient of the condenser tubes from a 100% clean condition, as -
defined by the Heat Exchanger Institute, USA, to some lower value.
General practice is to use an 85% cleanliness factor. Fig. 4.3.3
Decrease of Overall Heat Transfer Coefficient Versus Dissolved 0il
Concentration in Sea Water (without oil adhesion)
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Fig. 4.3.4: Solubilities of'Hydrocarbons.and Petfoleum-Ffactionéaiﬁ
Water at Total System Pressure 39) : o
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4.3.4 ConcluSidn

{1)

(2)

3

4

‘The influence of 0il polluted sea water in the thermal power station

consists of the decrease in the heat transfer coefficient at the
cooling - tubes caused by dissolved oil, and the decrease in cooling

surface {(fouling) caused by the adhesion of minute oil partigies,

undissolved oil but in an emulsion, in the flow.

The volume of oil dissolved in the sea water . is greater in sonme

" cases, . and leésser in others, than theoretical or tested values,

because of the considerable secular changes in the physical and
chemical ‘properties of ‘the spilled oil which occur by the time it
reaches the power station equipment. Taking the solubility of oil as

~equal to:1,000 ppm or less in sea water, the decrease of the overall
heat transfer coefficient of the surface condensers would be less
“than 1 to 2} :

On  the other hand,_the decrease in heat transfer caused by the ad-
hesion "of - oil particles at the cooling surface, though there are
still many unknown factors, would be less than 1% at most, where the

~estimated oil concentration is less than 1,000 ppm in sea water.

‘Amorig the equipment in the power station, the surface condensers are

subjected to :0il contaminatnion and the decrease of the thermal
efficiency of the station due to a decrease in the cooling effici-
ency of the surface condensers can be estimated less than 0. 02%.

Other  equipment in .the power station subject to o0il contamination
are the service water coolers, turbine air coolers and generator air
coolers, - in which a slight decrease of efficiency would not. affect

. the ‘operation. and thermal efficiency of the station, under the above

mentioned oil concentration in the sea water.

- 283 -~



4. 4 Influence on Quality of Product Water

Inasmuch as there is a complete dafference it behav101 “of 0il 'compénents:
in the sea water desalination process between. the case where ‘il and
water are simply mixed each other (two- liguid phase) and the case where
oil is dissolved in water (single liquid phase), it is necessary ‘to  con-
sider the behavior separately.

4.4.1 Behav101 of Volatile Components Durlng Sea Wdter Desallnat1on
Process

According to the report ¥ concerning the behavior of oil - components
during the sea water desalination process, the vapor pressure of a ‘water
and oil mix vapor shows a similar vaiue 1o that of the 1ndependent water
and oil vapors. -

¥hen these two liquid phaSes are evaporated, . the weighf ratio of water to
cil in the gaseous phase may be expressed by the foljowjng equation:

Wo/ Wi =Mo « Po/ My * P - | - 4.9)

Where, W, and W. are the weight of the oil and water in "the gaseous
phase, and P. and P. are the vapor pressure, and Mo and M. are their
molecular —weights. From this equat1on, if the molecular weight: and the
vapor pressure are known, the composition of distillates at various - tem-
peratures can be calculated, :

When oil contaminated raw sea water is drawn into the desalination plant
which employs the evaporation process, the oil component is evaporated .in
the evaporation chamber by a kind of steam distillation pursuant to Equa-
tion (4.9), along with almost all of the light . component,. high vapor
pressure distillated from the brine. : : o :

For example, if 300 n¥ of sea water contaminated with 100 mg/1 of gas oil
is drawn in as raw sea water and the plant is operated at the product
water recovery rate of 0.42 (the ratio of product water to raw Sea
water), the oil companents which are drawn over to mix with the 126 m® of
product water reaches a maximum of 238 mg/l, that is, the oil is concent-
rated up to the amount of the reciprocal number times the recovery rate.

4.4.2 Study of Numerical Simulation

(1) Simulation model
Nakazawa, et al. !'® have designed a computer simulation program using . a
mathematical model in order to study the behavior of hydrocarbons in the
evaporator under operating conditions where raw sea water is contaminated
is contaminated with oil. The model uses the 3000 m?/d MSF test plant as
a model plant.
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In this study, some improvements were made to the actual conditions of
the subject plant. Simulated calculations of- the evaporation rate of oil
ai each stage of the evaporator process, using various oil concentra-
rions, were conducted. The operating conditions of Umm Al Nav Wegt Nos. 1
to 6 units are used for this study, such as: maximum brine temperature -
42 °C, product water - 750 t/h, make-up sea water - 2,475 t/h, number of
‘stages - 18, The flow of the simulated calculation is shown in Fig.

4.4:1.

Firstly, the following constants and given conditions were inputted in
order to conduct the calculation: The hydrocarbon composition as a . com-
ponent of crude oil; each factor contained in Antoine’ s formula to obtain
the. vapor pressure of hydrocarbon and water; the normal  probability to
calculate the retention time of Dbrine in the evaporation chamber; and,
eduipmént data ( number of stages, temperature at each stage, guantity of
make-up sea water, and quantity of product water at each stage).

Tnput . : ' * Antoine comstants (vapor pressure,

coustants A, B, aand ()

Constants .

* Retention time {min) (normal distribution
rate)

' -4 *® Composition of crude oil (%)
Data of: equipment proper Co & i o
. * Numbered stages

* Temperature at each stage T (°C)

Given conditions * Quantity of make--up sea water Wm (g/s)

!

Calculation _ * (uantity of crude il by each component
e : Co 'x Composition & /100

* (antity of crude oil mixture Co {(g/s)

. ReténtiOn Tire. . . _
* Vapor pressure (= Antoine's forwula)
“P=ASBSLT T '

Each carbon number "% Molecular weight Mo = K x 14.082 + 2.0t
: ' (K being the carbon pumber of hydrocarben)

) : * Pvaporation rate Sp = (MoxPo)/(18.02xPw)
Each stage number {Po and Pw being the vapor pressure of
C oil and water)

Each stage number * Evaporation rate of oil $w = Wd + SD
i _ . .

Ourput . : .
The carbon number of hydrocarbouns drawn over to the
product water side at each stage, the evapdration rate
of 0il, and the total evaporation rate of oil (by each
oil mixture rate}.

Fig. 4.4.1: Flow of Simﬁlated Calculation for Behavior of
0il Components in MSF Evaporator
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The retention time of the oil was calculated by assuming that the  evapo-
ration rates of hydrocarbons are proportional to.the retention time of
“the brine in each evaporation chamber. As part of this'calculation, the
retention time of the brine at each evaporation chamber was assumed to be-
relative to the normal distribution of each portion of the brine in an

average retention time.

Then the crude oil mixture rate relative to the actual case to be calcu-
lated was input. :

Whenn the two kinds of parameters mentioned above were input, the Treten-
tion time of oil in each evaporation chamber, the evaporation rate: of
each component of the crude oil at each stage, and the transfer rate of
ail to the next stage were calculated then = in accordance with  the

progranm,.

The items to be printed are (a) carbon number of h&dfocarbon 5evaporatédu
at each stage, (b) rate of evaporation and {(c) the total evaporation rate
of the mixture oil. : f

(2) Results of Simulated Calculation

Examples of one such calculation, the behavior of crude oil mixed. with
sea water at the rates of 1,000, 100, and 10 mg/l are shown in Fig. 4, 4.2
(1) through Fig. 4.4.2. (4). Since actual crude 0il contains a great many
kinds of organisms, the simulation was simplified as follows: '

Hydrocarbons with a carbon number up to 10 were regarded ‘as gasoline
components, carbon numbers 11 to 14 as kerosene components, cdrbon’ num-
bers 15 to 20 as gas oil components and carbon numbers 21 and above - as
heavy o©il components. ' ' S

For the purposes of simplification, only straight-chain compounds with
carbon numbers of 6 to 30 were considered to be present at’ the rate indi-
cated in Fig. 4.4.3. Further, it was considered that in the evaporation
chamber, distillation starts -with the component with the lowest boiling
point and continues successively through to the the component with the
highest boiling point. :
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. Evaporation Water | Evaporation 0il Cenicentration
Stage (t/n) “la/b) (g
' ¢ A7 60563 12885
I 447 26520 59.33
S— - — 3

2 458 | 2378 519

3 439 6881 1.57

e 465 53128 115
5 446 37.29 0.8356
C © 6 456 27.17 0596
84004 ¢, 7 438 1856 0423
Co 8 448 1315 0294

Ciy -

. ' 9 5§30 872 0203
_ 36001 Cn 10 TRS 574 0193
'c . z et
o il 422 385 0.093
j' [ 12 418 257 0.061
~osg00dcC
o 48001t 13 401 161 0040
b 14 397 1.03 0.026
N 15 39.4. 0.64 0016
g 4%, 16 364 038 0010
5 17 36.1 023 0.606
% 18 305, 013 0004
§'3zd°d . & 8 754.7% 218936 12176
g Cio | Crs * Including O Stage
m .

Car
400
2400 Cat
Cxo
Ce
1600 o Remarks: Make-up Sea Water: 2,475 t/h
w 0 Stage means Dearator
edlen
8004
C - o
- Cn
Co . )
Gl Ces  Cu . Css
T ¥ 7 v Y ¥ ¥ T ¥ T T T T T
6 1 2 3 4 5 & 7 8 8 18 1 12 14 6 18
Stages

Fig. 4.4.2 (1):

Evaporation Rate of 0il at Each Evaporation
Stage of 0il-Contaminated Sea Water

Casé'of~10'mg/1 il Content-in Sea Watef (Oii'Content 0. 02475 t/h)
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50 : s
Ev. Lich Water Evapor: tion O&l : Concantyation
SITI Stage | Evaporation Wa “p‘fa kg/h) T warT)
0 AT 48506 10,320
Cue 1 447 25799 5771
2 458 2955 5452
3 439 1526 3476
4 465 DT4E 1609
5 446 0.564 126§
40 4 & 456 0446 9.78
G 7 133 0330 155
P 148 0,256 572
9 430 0186 433
10 41.1 0134 327
] 11 42.2. 0101 242
12 i18 0073 176
451 129
3044 13 401 0
14 397 0036 093
Cho 15 39.4 0025 066
= Cro 16 364 0017 047
& Cis . —
= 17 361 0.012 033
- 18 305, 0.007 025
8 Cu & B 7547 51772 1083
B * Including O Stage
9 -
2 Ca
=
_9‘ CIT
3
o
R
O
=
(%]
Cis
w6l € _ o S
Remarks: Make-up Sea Water: 2,475 t/h
0 Stage means Dearator
c, | ©»
CH C!i_ C
Csjc ? C ' '
¢ LA Cn C!l _C i tzJ— + + . , _'ng
T T Emat ¥ ¥ T T " ™ B A iy | ™Y T
5 1 2 3 & 5 6 T 8 & 10 11 12 1314151617 18

Fig. 4.4.2 (2):

Evaporation Rate of Qil at Each ﬁvaporatlon

Stage of 0il-Contaminated Sea Water

) Stages

Case of 100 mg/1 0il Content in Sea Water (0il Content 0. 2475 t/h)
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't g tion Wat i P - ti
Stage | Bvepora mnm(}a;/ﬁ))c f.:vaporau?gg?ﬁ Cicjenu(r%zf?—w
0 4.7 3717000 B0345
. i 447 23358 5225
4004 - 2 45.% 3977 868.3
Cu 3 43,9 2575 586.5
1 4 4865 10.24 2202
Cu 5 i4.6 8274 1855
: 6 456 7.041 154.4
1 438 5628 1284
8 448 4724 1054
i~ ) % 430 3720 855
o 3004 - .
SR 5 10 411 2911 705
o .
o Cuw
~ - 11 422 07865 186
g 12 418 0.6047 14.4
X - 13 - 401 04498 11.2
. Cr 14 397 03619 86
9 L
o Cie 15 39.4 025178 Q.4
8' ' 16 364 01825 59
. . ’ ]
o204 17 361 01374 38
13 . - . -
H Cs 18 305 0091 29
g T Cas
g : : & 754.7% 7221086 © 9568
M * Ipcluding O Stage
Ca Cu
100 -
Remarks: Make-up Sea Water: 2,475 t/h
0 Stage means Dearvator
C L C 1
l C N C 1]
) A Che
Cs Cu. Co|Cu —_]_—_i_.—}—ﬂ " Cw Cxe Cro
i ;u_ Y T —pe ™ T ety T T — ¥ T T
i) 12 I 4 s 6 7 g 9 10 11 12 14 16 18
Stages

Fig. 4.4.2 (3): Evap |
S .Stage of 0il-Contaminated Sea Water

Evaporation Rate of 0il at Each Evaporation

Case of 1, 000 mg/1 0i1 Content in Sea Water (0i1 Content 2. 475 t/h)
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l_gib
2400 —q,Cn
. Ev, ticn Water | Evaporation Oil’ Concentyati b
Stage aporaticn (ta:_/?]) (lee) a‘l(kgfil]) 2l {mg/g?
0 47 2,400 510500
C :
" ! 447 2356 52700
2,000 - 2 458 456.7 10169
I 3 439 2877 6553 1
Ca
] 4 465 139.3 2596
L.
5 445 10053 2.254
3 456 90.7 4 1990
7 438 7694 - 1756 -
1600 - g 448 6885 L6061
_ 9. 4390 57.80 1344
E - Cn 10 411 4832 1175
7 11 422 4114 989
- 12 418 14.36 343 .
i .
Z 13 | 401 1161 289
0 12004 14 397 963 : 242
s 15 39.4 795 203
@ Cha -
o 16 364 615 169
o
9 17 o 38a 507 C 140
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M -
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~ -
& 20 A Including 0 Stage
Ca
¢ Remarks: Make-up Sea Water: 2,475 t/h
Cis 0 Stage means Dearatox
C\I
400
Cll
Cis '
C,
: c
Cie Ce o1 Cw _ L - o
Cu Cgl CII 18 Cl‘l )
T— T T t L - T t . - - =
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Fig. 4.4.2 (4): Evaporation Rate of 0il at Each Evaporatlon

Stage of 0il-Contaminated Sea Water

Case of 10,000 mg/1 0il Content in Sea Water (0il1 Content 24.75 t/h)
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According - to the results of the simulated calculation, it is clear that
the low boiling point components of crude cil evaporate very easily and
'sa nove readily to the freshwater side. If a deaerator is installed in
the plant , most of the oil components will evaporate in the deaerator
when the raw sea water is contaminated by only a small amount of crude
011 {an oil concentxatlon of about 10 mg/1). {(reter to Fig. 4.4.2 (1))

Even 1f the sea water is contamlnated by oil with a conecentration of
1, 000 mg/l, the gasollne components will evapo:ate in the deaerator and
both the kerosene and gas oil components will mostly evaporate between
the first and the fourth high temperature stages. Since the vapor pres-
sure of oil components with comparatively higher carbon numbers {(Czo0 or

higher} rapidly declines as the temperature drops, only a small amount
moves - toc the freshwatery 31de at the medium temperature stage. (refer to
Fig. 4.4. 3)

On the other hand, even if the sea water is contaminated by a large quan-
tity . of  .crude oil (with a concentration of 10, 000 mg/1), most of the
kerosene and gas oil components evaporate at the high temperature stages
and only a small amount the components with a high boiling point, such as
gas oil, gradwally move into the product water side at the medium and low
temperature - stages. Herein before it was coneldered that all evaporated
oil moved into. the p:educt water. :

Further study will be conducted concerning the behavior of evaporated oil
components at the condenser of the evaporation chamber.

¥ith regard to the relation between the vapor pressure and the tempera-
ture of each kind of hydrocarbon, the vapor pressure of hydrocarbons with
Cs or less is higher than that of water, as shown in Fig. 4.4.4, but the
vapor pressure of hydrocarbons with Cg or more is lower than that of
water. Therefore, hydrocarbons with Ce or less are not condensed but are

vented from the evaporation chamber as vent gas, and hydrocarbons with Cs
Or more are condensed along with water vapor.

¥hen - the . condensation of evaporated oil components is studied, it is
found ‘that since the latent heat of hydrocarbon condensation is much
smaller than that of water ( for example, the latent heat of octane con-
densation is 70 kcal/kg or 1/7.7 of the 539 kcal/kg of water), an amount
of hydrocarbons several times that of water can be condensed by the same
cool1ng rate. Accordingly, all of the evaporated hydrocarbons with Cs or
more, move into the product water.
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Fig. 4.4.3: Composition Model of Crude 0il used in.Simulation-
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4.4;3 Behavior of Dissolved 0il in Besalination Process

(1) Evaporation of Dissolved 0il

The'SOIUbiiiEy'of gas into water and saline water due to diffusion gene-
rally follows Henry's law, if it is a dilute solution. While there are

many ways to express Henry s law, one is indicated here by Equation 4.10
as an example. .

C = HP 4. 10)

Where,

C: Concentration of solution (mol/mi)

H: Henry' s constant {(mol/kg atm)

P: Partial pressure (atm)
Dissolution and evaporation of volatile oil can be assumed to follow this
taw.’ Table 4.4:1 indicates Henry’s constants of volatile oil components
to water and saline water, and Fig. 4.4.5 indicates the relation between
the partial pressure and the concentration of the solution.

Table 4.4.1: Henfy’s Constants of Volatile Qil Components

{Unit: mel/kg atm)

Matters Ionic Henry’s constants H Remarks
' | strength '
25C 40 °C
' .
Benzene 0 0.1728 - | 0.0922
) 1 0.1031 |
_ 2 0.0736 _
Toluene 0 0.1674 0.0795
- 1 0.1034
o 2 ~ 0.0592
| Ethyl benzene 0 ~0.2083 * | - * 35 C
{Heptane | - |1.69x 10-3|2.24 x 10 -
Octane . . | 11.85 x 10 -*
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Fig. 4.4.5: Relation between Concentiration C of Volatile 0il
Components and Partial Pressure P

(2} Material Balance of Dissolved Oil in MSF Plant

The following describes a method to retain the quality of the product
water when sea water containing soluble o0il components is used as raw
water. Here, benzene and toluene which are typical soliuble components in
crude oil, will be taken up as the soluble o0il components which are
influencing the quality of the product water, and a study will be made on
the volumetric relation of these components when they are transferred to
the freshwater side and dissolved into the product water. '

Regarding the actual movement of materials, the desalinatioﬂi‘plant is
roughly divided into the stages of deaerator, flash evaporator, and con-
denser. In order to make clear the material balance and equilibrium rela-

tion of the gas, saline water, and water in each of the above stages, the
following model is now studied.
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If each part in the above figure is substituted by the deaerator, evapo-

rator, and condenser, Equations 4.11 and 4.12 can be effected.

Ft = Fb + Fe .
Ft Ct = Fb Cb + Fe Ce

‘Where,

F: Flow rate (kg/h) =
C: Concentration (mol/kg)

Suffix t: Suﬁﬁifed water
' b: Treated water
e: Evaporated gas

(4.11)
(4.12)

Here, the'evacuatién'raté will be defined as R - Fe/Ft and the non-equi-

librium condition will be defined as Ne. = Cb#/Cb (<1).
Also, the distribution coefficient will be expressed by:
Cex ;/Cb*;,m__
 Where,
.,_C#:;Cpn¢eﬁtrgtion in“eQQiliEfiﬁm
Further,'éésuming Ce.= Ce*,.then from Equation 4.12:
:ci_;°m Ne CB + (1+R) CB
Thereféfe, | .

Ct/®m Ne + 1-R)

i

i

" Ce-=mNe Ct/RmNe+1-R

205 —

(4. 13)

(4. 14)

(4. 15)



Here, m: Ce/Cb = 55.5/H PH20, and Ne is about 0.5 from actudl data

results.

On the other hand, as an cxample the material balance of the subject
plant, West No.1 to No. 6 {(quantity of product water 750 ton/h), can be

expressed by the Fig. 4.4.6.

2,475,000 Ra
.

Unit: kg/h
2475000 _ | 750,000 (1 +R:) 750,000 Re
@ ® ' o @
| @
2475000 ( 1 —Ra ) I :}II a
@ | 1
Bal . 750,000

1: Deaerator, I1I: Evaporator, III: Condeqser,:Balz Balanée=”
Fig. 4.4.6: Typical Example of Material Balance in.Subject Plant

Also, if the inlet concentration, concentration of treated water, and
concentration. of evaporated gas at each of stages' 1, IT'and IIl is sub-
stituted by Cr , Cs and Ce respectively, the Eqﬁatibns'é 14 and 4.15 can
be applied as they are. In this case, evacuation rates Ri1- and Rz are
complementary conditions which will 1nev1tab1y be determined in ‘the plan-’
ning and design of the plant.

Now, assuming that the concentration of treated water obtaxned from cal-
culation of Stage T is the inlet concentration at Stage II, “the- concent-
ration of water vapor at Stage II is the inlet concentration at Stage
IT1, and the treated water at Stage III is product water, the concentra-
tion of water vapor at Stage 111 is the inlet concentration of vent con-
denser, the concentration under the following conditions will be <calcu-
lated. ' ' ' '
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{Tempefature>-_

Bein'z'e'nemater syst’ém:'. 35 °C, 50 °C, 60 °C , 70 °C, 80 °C
Benzene sea water system 35 %3, 50 °C |

Toluene—water system: 35 °C

Here, 35 ﬁé'édrréSpéﬁds to the temperatdre of the deaerator.
<Evachafion'fate>

Ri =Rz =107%

<Conc'entré‘-tioln of chloride ion> |

Sea water: 0. 732 mam' (26 000 mg/i)'

_B:Ine N 051 mol/l (concentratlon ratio 1. 436)

The result of the calculatlon is shown in Table 4.4.2. As. is clear from
Table 4. 4.2, about 90% of aromatic hydrocarbons such as benzene, toluene,
etc., are transferred to vent gas and blow brine, and the rest is dis-
solved in the product water. For example, if the concentration of benzene
in sea water at the inlet is:10 mg/}, 0.12 mg/1 is transferred into the
product water, and the concentration of benzene in the vent gas will be
as much as about 5, 000 mg/1. -

The diffefence between the sea water system and the water system is such
that first, the solubility by salting-out effect is different, and solu-
bility into sea water decreases.

The effect of temperature is not great, and almost no difference was
abserved compared with the effect at normal temperatures. This is because
the solubility itself decreases but the vapor pressure of water increases
(P), making the effect on the dlstrlbutlon coefficient smaller.

Then,_most of the n- octane WhICh is a-kind of volatile fatty hydrocarbon
is- volat1lized ‘in_the deaerator as indicated in Table 4.4.2, and the
final  amount’ of ' concentration transferred to the product water is as
small as 0,001 mg/1. Thus according to this result, the amount of trans-
fer of volatile fatty hydrocarbon to the product water is so small that
it can be neglected. '

On the other hand, aromatic hydrocarbons such as ethyl benzene (boiling
point; 136.2 °C) and xylene (boiling points; - ortho- 000.4 °C, meta- 139.2
C. and para- 138.4 °C) are similar to benzene in beiling and para- 138.4
C)' are sxm1lar ‘to ‘benzene in b0111ng po;nt “vapor pressure and struc-
ture, and . are thought to show similar behavior to benzene. These com-
pounds are constltuents of gasollne and are considered to be most influ-
ential’ “the poltution of sea water because of thelr solubility into
water and thexx volatility.
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Iin other words, it is not necessary to consider the effect of fatty
hydrocarbons on the product water but it is necessary to pay attention to
aromatic hydrocarbons such as benzene. Since the WHO standard aspecifies
the allowable caoncentration of henzene in drinking water to be as small
as 10 z2g/1, the utmost emphasis must be placed on couritermeasures against

henzene.

Table 4.4.2: Calculation Result of Evaporation and DlSSOluthﬂ
Behaviors of Volatile 011 Components

Deaerator | Deaerator | Evaporation Product | Removal
Intet Outlet ¥ater Water .. Ratio
(mg/1) (mg/1) (mg/1) | (me/1) ®
Benzene/Water 35 1 0.19 0.63 0.12 88
30 10 1.9 6.3 1.2 88
50 14 1.9 - 6:3 1.2 88
60 10 1.9 6.3 1.2 83
70 10 1.9 6.3 1.3 87
80 10 -1.9 6.2 1.3 - 87
Benzene/Sea ¥Water 35 10 1.4 .5 87 - 91.3
: 650 10 1.4 4.5 0.93 90.7
To.luene/W_at.er 35 10 : 1.8 6.4 ' 1.1 8y
n-Octane/Water 35 .10 0.005 0.018 . 9.9
| Btylbenzen 35 | 10 2.94 | 9.67 2.84 | 716
Deaeration Inlet - Product }Y_a_ter x. 100 -

Rem : 1 19 = :
emark: Remova .Ratm Deaeration Inlet

Evacuation rate: Ri =109, Rs =10~%

I1f the transfex rate of benzene at each stage of the subJect plant jié'
calculated pursuant to the above system, Equation 4 16 expresses, as  is
clearly shown in Table 4.4.2, the effect of the temperature being neg-

lected.
g b - PRI
C=CoCr : : (4. 16)
Where, | |

C: Concentration of product water at outlet of - stage (mg/l)
{(n = 0 means concentration at inlet at First: stage)
Co: Concentration of brine at inlet of the first stage, (mg/l)

Cr: Rema1n1ng rate (mg/l) (Cr= 0.1 in benzene- sea watex system)
n: Number of stages
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As . stated'above, a trial calculation related to transfer of oil compo-
nents to product water in the MSF plant was made on two cases, ie., (a)
the case where oil and water (sea water) are present as a two-liquid
phase, and (b) the case where oil dissolves into water (sea water} and is
present as a single liquid phase.

However, . as stated;in[4.4.1; the transfer is not governed by either of
the ~above casés but the oil and water are present in a single liquid
phase until each oil componeni reaches saturation and then becomes a two-
liquid phase only after the mixing of each component has started.

Therefore, there is no problem to employ case (a) until the component
reaches about 100 mg/l. _

However 'when the gil reaches saturated solub111ty and the oil component
with compositions different from crude oil starts to be separated as two-
liquid phase, evaporation also starts based on case (a). Now, it is dif-
ficult to determine unconditionally by which system the transfer of oil
components . should be regulated, because the dispersion speed of each
component in the oil, the evaporation speed of the oil components, and
the - dissolution _speed of each oil component into water are delicately
entangled. Since no literature related to this matter has been found, it
will be a subject for further Study. :

4.4.4 Examples of Problems Encountered when Plant is Contaminated by 011

AithOUgh there have been oniy a few instances in the past where raw sea
water, used in the sea water desalination plants employing the evapora-
tion'process, has been contaminated by oil and where oil components have
moved  into the product water; deter1orat;ng its guality, the following
three examples of raw sea water are referred to as a reference.

(1) Takashina De'salination Plant (Japan)

This mult1 effect desallnat on plant employs a system in which solar heat
is collected by heat collectors and used as an energy source for the
plant operation. As indicated in Fig. 4.4.5, this plant is of a type in
which evaporation takes place outside the horizontal tubes, and where
evaporation chambers are stacked vertically in two rows.

The vapor produced outside the tubes flows into heat transfer tubes con-
tained in “the evaporation chamber, where the vapor 1is condensed into
water. - The  ‘condensation stage is inverse to that of a MSF evaporation
plant No deaerator is installed.

When thlS plant qtarted operation -in 1981, at first the raw sea water had
an  oily smell. ‘As. the.raw sea water was taken from wells sunk near the
- shore, it is thought that,” for some reason, oil which had accumulated in
layers of sand contaminated the sea water intake. It is also thought that
perhaps ~ it ‘was a result of an oil spill accident which occurred at a
nearby refinery several years before. The real cause, however, remains
unknown. According to recorded data, the following is indicated:
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Qil in sea water: 0.5 - 0.6 mg/1- (Extraction of-carbon'tetrach!oride
' ' y from standard B-type heavy oil -
measured by infraved ray absorption
me thod.) ; : .

0i1 in fresh water: 1.2 mg/l (Ditto)

The movement of oil components.in;o_the'prodUCt water . corresponds - with
the result of the simulated calculation mentioned herein before. :

Since the water was undrinkable due to its oily smell, an activate@ car-
bon filter was installed in the product water line to remove the oil. agd
the product water was able to be used as potable water. So far, an: oil
contamination accident has never occurred.

HEAT ING-STEAM

L X" . \ ' SeEac S0
2\ J 11
4 & L 3

- _\ . A i
6 o

BLOW - DIWN-BRINE : d - SRR
SEAVATER —-—/\/\/\,; - - SEAWATER

FEED-WATER

PRODUCTWATER

Fig. 4.4.7: Conceptual Representation. of 1i/er:ticall.yr 'A:r}"én'g'éd Horrizﬂo.nt'aul
Tube Type Multi-Effect Sea Water Desalination Plant.
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(2) Slngapore Desal1nat10n Plant

An; qx} contam1nat10n accident 0ccu1red at the -multi-effect sea water
desalination plant (same as example (1)), in February, 1986, of which the
proauct water is used for the bollels and other plant equipment.

The oil contamlnatlon of the plant was discovered as o0il was found in the
ion exchanger ' resin. However, the cause of the oil  contamination, the
source- of contamination, and the rate of the contamination are unknown.
Inspection of the inside of the evaporation chamber revealed that oil in
emilsion had adhered to the condensation part of the heat transfer tube
and to the inside of the vapor chamber. The adhered oil was éasily remov-
ed by water jet cleaning (refer to Fig. 4.4.6).

The points to be . noted in this example are that the oil which was evapo-
rated and transferred to the heat transfer tubes adhered in emulsion
state and ‘that the adhesion occurred only in the heat transfer - tubes,
there being no trace of oil adhesion in the pumps or pipings.

(3)-Umm.AI“Nar Poﬁer hnd’SeaVWater Desalination Plant (Abu Dhabi)

On. February 22 1988 gas 0il (fuel o0il) 1leaked from a tanker near the
No. 3 ‘sea water 1ntake while 0il was being loaded into the tanker from an
electrolysis - shop near the plant. The spilled oil entered the nearest
(No. 3) intake and completely covered the surface of the sea water with a
film of oil . about 2 mm thick. Other intakes (Nos. 1 and 2) were not
atfected by the spllled oil. :
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In order to keep the extent of the oil pollution:to a minimum,  the sea

water intake rate was reduced and the spilled oil was removed from the

intake.

According to the results of an analysis of the concentratiOn of the oil
contamination in the raw sea water throughout the whole plant, it was
discovered that only the Umm Al Nar East Desalination Plant No.4 plant
was contaminated by oil. The results of the analysis were as follows:

Raw sea water: 0.4 mg/1
Ejector condenser drain: 1.2 mg/l
Product water: None

No oily smell nor taste was found in the product water. There was an oily
smell in the gas vented from the ejector condenser, but no. oil  was
detected in the ejector condenser drain after 10 hours. Despite this
accident, there was no change in the performance of the plant (produc-
tivity, G.O.R., etc.), and so far no oil bas been detected in the perio-
dical analysis of the oil components in the sea water intakes since the
accident. : :

4.4.5 Critical 0il Concentration and Produtt ¥ater Qualify

Table 4.4.3 2 is an extract from the potable water quality standards of
the World Health Organization (WHO), which is employed as a rorm for
potable water quality standards in various countries around the world

The items relating to oil pollution might include reference to benzene,
under the title “organic matters” and reference to taste and smell . under
the title "matters related to the palate”., The standard critical value
of benzene is defined as being 10 xg/l. Taste and smell are defined at a
ievel so as not to "present an unpleasant taste and smell to the majority
of consumers”. : : L co

The solubility in water of oil products like gasoline, kefoséne and gas_
oil is considerably higher than the concentration stipulated in the water
quality standard, o .

For example, while the solubility of benzene is 1, 740 mg/l, the recoi-
mended critical potable water quality established in New York State in
1982 is as small as 0.2 zg/l. Both benzene and toluene are contained .in
the list of major organic contaminants produced by the U.S.. Environment
Protection Agency (EPA), and even only a small leak can easily contami -
nate a large quantity of water,as their allowable  concentration in
potable water is so small. For example, if 2% benzene is contained in
gasoline and if the value of the water quality standard is defined to be
0.? pug/l, 1 liter of gasoline will contaminate about IO0,00o_nf_bf water:
21 .
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Table 4..4.3: WHO Guideline for Potable Water Quality (Extract)

Table 4.4.3: Continued

Category Unit Contamination Agent Criteria
- |
‘Bacteriological .| Count/100 wl | Facal coliform 0
Propérty ’ Facal coliform group 0
Inorganic mg/1 | Arsenic 0.05
Matter Cadmiun 0.005
{Influence on Chromium 0.5
Heatth) Cyanide 0.1
Fluorine 1.5
Lead 0.05
Mercury 0.001
Nitric acid base nitrogen 10
Selenium 0.01
Organic Matter ng/l Benzene 10
{Influence on Carhon tetra-chloride 3 M
Health) 1. 2-Bichioroethane 10
. 1.1-Dichloroethylene - 0.3
Tetrachloroethylene 1t (D
Trichloroethylene 30 (M
Pentachlorolphenol 10
2. 4. 6-Trichlorophenol 10
Chlordane 0.3
Benz-a-pyrene : ) 0.01
Chloroform . 30
1 Aldrin/Dieldrin 0.03
2.4.D : 100
DOT 1
Heptachlor, 0.1
Heptachlor epexide
Hexachlorobenzene .01
Lindane 3
Methoxychior ’ 30
I Radioactivity Bag/1 Total a ray 0.1
: Total b ray 1.0
Substance mg/l Alminum 0.2
related to ' o Chloride ion 250
Palate ' Copper 1.0
! : | Hardness 500
Iron 0.3
Manganese 0.1
Sedium 200
Sulfate ion 400
Total evaporated residue 1.000
Zinc 5.0
L - - - e ]
egree (-) | Chromaticity 15
Taste, Presenting no unpleasant
smell guality to the majority
; of consumers
- : . Tarbidity ) 5
: . pH 6.5 ~
] o .l 8.5 _J

Remark: (1) is a'temporafy value due to insufficient carcinogenic data.



Table 4. 4.4: Solubilities of Variaus'HYdrccarbons.

| Non-Noxious Aqueous Solution
_ | Compounds - in Contact with
Compound in HaO U} _ Gasoline 2}
(mg/1). (mg/1),
benzene . t1740 65
toluene 554 34_“
2-butene 4390 2.4 oy
2-pentene 203 14 088 24 _
ethylbenzene 131 L - 48
o-xylene 167 5.4
p-xylene 157 : 1 37_8 :
m-xylene _ 1-34 89
1.224 trimethybenzene 6 1.4 o ' 2.7
2m1nenhyibutane _ 51.9 1.1
pentane - 385 : 3.7

Literature: _ _ D ‘ o SR
1) VYalues from Price, L. C-  (1976), McAuliffe, (1966) and Landolt-
Boernstein (1962) tabulated in Brookman and co-workers

2)  From Brookman and co-workers
3) Isomers of Z2-pentene

Generally, in comparison with the solubility of a pure substance in - wat-
er, the solubility of the substance mixed with other substances is reduc-
ed. Table 4.4.3 shows equilibrium concentrations of ‘various hydrocarbons
in lead-free gasoline in water. In comparison with the solubility of a
pure hydrocarbon, the solubility of substances in the presence of . gaso-
line is smaller, but those values are much greater than the water guality
standard level, - .

According to an experiment 22 concerning the relat1onsh1p between oil
concentration and smell, it was found that the concentration of oil  com-
ponents detectable by an ordinary person as an oily smell is 0.005 mg/l
in the case of gasoline, and as high as 0.2 to 25 mg/l in the case of
heavy il and crude oil.

In the case of gas oil, the .concentration in water which’ is detectdble by
smeil is 0.22 mg/! but when it drops to 0. 086 mg/l, no smell is detect-
able. It was also found that the limit of oil c0ncentrat10n where an oily
smell is detectable on fish kept in water conta1n1ng oil lb about 0.1 to
0.001 mg/1.



4.4, 6 Conclusion

As '-dtscribed above, simulation studies were conducted concerning the
extent of contamination of the raw sea water by oil and its penetration
into: the. product water in the desalination plant. However, this simula-
tion was based on the assumption that oil does not dissolve in sea water
and v1ce -versa;- they only-exist as a mixture of two separate ligquid
phases. The = simulation results were evaluated on the basis of actual
examples and compared with the quality standard of drinking water speci-
fied by the WHO As a result, the following points have been ascertained:

(a) The: d1stlllat10n of 0il from sea water conta1n1ng 0il depends much
upon its o0il content. For example, when the oil concentration of  the
sea water- is about 10 mg/l, 40% of the oil in the process is distill-
ed, of which 60% and 40% are distilled in the deaerator and in the
evaporatlon chamber respectlvely

When the oil concentrat1on Qf sea water is about 10, 000 mg/1, 27% of
the 6il in the process is distilled, of which 20% and 75% is distill-
~ed in the deaerator and in the evaporation chamber rvespectively. As
described above, as the oil concentration ' in the sea water goes up,
the oil distillation rate from the evaporator increases, rather than
that of the deaerator

b The 011 dlst111ed in the deaetator is transferred to the vent conden-
' ser;_and the o0il distilled in the evaporation chamber is transferred
to the product water. In there processes hyvdrocarbons of C6 or less
which have a higher vapor pressure than water are not condensed but
“discharged into the air passing through the ejector condenser,

(c) Oh_the‘other hand, hydrocarbons of C8 or more are condensed with the
- water and mixed intoe the condenser drain and the_product_water,

{d) Under the conditions of oil contamination in the simultation, the oil
content - of the product water far exceeds the quality  standards for
water. -specified by the WHO. Low concentration gasoline components are
distilled in - the deaérator and therefore the contamination of the
product water can be prevented provided that the vent condenser drain
‘water ' 'I's not collected as product water. However, kerosene and gas
ol componients are easily mixed into the product water during dis-
“tillation in the evaporation chamber, and make the product water
unfit for drinking due to the unacceptable taste and odor.

() The results, as mentioned above, are reliant upon the premise  that
oil and water remain as two separate liquid phases. However, as a
small amount of oil actually may dissolve in the sea water (making a

single . 11qu1d phase), it might be necessary to reconsider the evapo-
ration of the oil from that kind of raw sea water, and its resolution
into the product water.



4.5 Influence of Chlorination

In the desalination plants and the power plants, chlorine is added to the
sea water intake in order to protect the intake appa:atus and installa-
tions from adhesion and growth of marine organlsms It is.said that when
sea water is chlorinated, chlorine reacts on geztaln or some. organic
substances to form trihalomethane (THM). If the sea water is polluted by
oil, the formation of THM is thought to be increased. Therefore,” further
investigation on the p0581b111ty of this phenomenon is necessary

Moreover, it is surmlqed that THM moves to the fxesh watex 31de duilng
the distillation process and that THM is also formed from oil =~ components
present in the product water, while the water is undergoing chlorination.

The influence of such chlorination of oil contamlnated sea water is

studied as follows.
4.5.1 Chlorination and Organo- Halogenlc Compounds

Since 1974, when the possible carc1nogen1c propertles of organo- halogenlc
compounds were first identified by Harris, the safety of these compounds
in potable water has been under review by authorities such as .  the U.S.
Environment Protection Agency (EPA)  round the world :

When water is disinfected by chlorine, some kinds of‘organic substances
(precursors)* , react with the chlorine, thereby forming organic- halides
such as trihalomethane (THM), etc. All of the forming organic halides
have been identified. THM is now under investigation as a principal noxi-
ous substance in water.

% "Precursors” may be defined as humic matter which exists naturally as a
coloration components, and similar organic substances. There are - two
types of humic matter. One is land-based substances which are formed by
the decomposition and condensation of plant components in the soil, and
the other is water-based substances which are formed: from organic sub-
stances and other aguatic life components flowed into water. The main
components of humic matter are humic acid and fulvic acid, which are a
chemical group consisting of compounds with molecular weights ranging
from thousands to tens of thousands. Precursors are widely existed in
surface water and underground water. : T

THM is a general term for the compounds- shown below. Chloroform _(CH(Z&)
is a major component of THM which exists in potable water, and bromodi-
chloromethane (CHBrClz), dibromodichloromethane (CHBrzCl). and bromceform
(CHBrs) follow. The properties of these compounds are shown in’ Table
4.5.1. ' i e
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CHCls - I Trichloromethane.

CHBrClz ; Bromodichloromethane

- CHBrz2C1: Dibromochloromethane
CHBiz . Tribromomethane (Bromoform)
CHCIzI. : Dichloroiodomethane
CHBrCII : Bromochloroiodomethane
CHCHz ! Chlorodiiodomethane

CHBr 21 ! Dibromoiodomethane

CHBrl2 '_I Bromodiiodomethane :
CHIs- - ! Triiodomethane (Iodoform)

In U S. A, THM concentration 1n potable water has been limited to amounts
of 100 ,ug/l or less (1979). Further, in Japan, the same level has been
applied since 1981. WHO has established guideline level for chloroform at

30 ug/l.
| Table 4.5.1: Properties of THM

~Trichloromethane . ﬁrcnio&ichloro— bibramochloro- | Tribromomethane
(Chloroform) methane methane {Bramoform)
Molecular Formula | CHCL, ' CHEBrCl, CHEr ,C1 CHBr,
Specific Gravity %g 1.484 ¥ a® 2.005 a3 2,902 1V
: _ 51
a2 1.a890 20 3! 1.52 a2 2.8012 47
25 2Y)
aZ; 2.847
bap. (°C) 61 - 61, 61,2 2 9.1, 113.8 2| 1207 @ 149 - 150, 149.5 4")
148.1 2"
mp. (°¢) | -63.5, ~63,5 2 1-57.1 | N5V, 07, a8 P
Refraction Index | il 1.4476, 1.4467 > [n3S 1.5012 > 1.6005%
: 1.5890,
R 1.6005 (15 °c)
Wvagoration Heat | 59.0 cal/g (b.p.) 203 2.76 cal/mal >
T : - ' Cams 2, 3) : ' 2')
Specific Heab 0,234 cal/g (20 °C) 0.124 cal/g deg
_ _ (18.50 °C)
Solubility - | 1ml/200 mi water (25°C) soluble in 800 parts
B of water
S . Water: 0.319 g
Solubility 0 °C 1.062 0,318 wke (30 °C)
in water 10 °Ci0.895 '
(9/100 g 20 °C 0.822
water) . 30 °C 0.776




pable 4.5.1: Continued (2/2)

Trichloromethane
(Chloroform}

Browgdichloro-
methane

Dibrc:ﬁpéhlbfé—

methane

'I‘l“lb ror:.\ome.t}x an e
{Bromof Qm) ’

Toxicity

Vapor Pressure

Literature 13

Stremg Marcosism
Liver Trouble

60 °c  0.81 ruHg
-50 2.06
40 4.7
-30 10.0
20 19.6
-10 34,75
0 61.0
+10 100.5
20 159.5
25 199.1
30 2460
35 301.0
40 166.4
45 439.0
50 526.0
55 625.0
60 739.6
60.9  760.0
70 1,019
80 1,403

1} Merk Index
2} ¥.2. Lange

Handbook of Chemistry

10 E4 ('61)
3) Encyclopedia of
Chemical Technology
4) International
Critical Table
vol. IT1 {*28)

a) Sever System

Assn Journal

17 o, 188 (2) ('80)

'LDSO'(Hafé_Skin;

5 mg/m3

25 °C 9.4 m

iiver 'trou‘ uble
5.

aliowable
Concentration .

0.5 d
Ppr 51y

6')
22 °C 5 mlg 27 .
48 °C 20 witlg "

1') Merk Tndex
2%} Mellan .
Source Book of
. Ind. Sqi\}le_n.t("
vol, 2 ('57)
3*) Chemical Safety
Date Sp-35 ('68)

14') Encyclopedia of

© Chem. Technology

543 M.I. Sox

' Dangerous
‘Properties of
Ind. Materials
pirago :

“16') Intemational

Critical Table:
yol. TII (128)
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4. 5.2 Formation of Organic Halogen Compounds by Chlorination of Sea Yater

In the power and desalipation plants, chlorination is provided to prevent
increases in flow resistance and reduction of thermal conductivity caused
by the growth - and buxld up of organisms and slime in the

intake sea
water

However; “organic halogen compounds are formed by the reaction between
chlorine ‘and organic substances (like humic matter) existing in the sea
water. While organic chloride is generally formed during the chloripation
of potable water; organic bromide is also generally formed during the
chlofination.. of sea water due to the fact that 68 wmg/l of bromide
{(3.5% salinity matter and 19.5% Cl1) is contained in the sea water,
as bromine has a'smaller oxidation potential than chlorine.

ion
where-

(1) Case Study of THM Formatlon

The f0110w1ng describes the results of the case studies of TH% formatxon
caused by the chlorination of sea water

1) Kumai, et _al. 2% - conducted studies of THM contained in cooling sea
water at the power station. The result of their measurements of the
chlorine injection  rate at the cooling water inlet, and bromoform

. concentration’ at the water outlet is indicated in Fig. 4.5.1, which
shows that there is a correlation between the concentratlon of

bromo -
form formed and the chlorlne injection rate.
ty 10
o
&
- ™ .
- Summer . .o C N
A T = 0,883 . 8§
Y = :6.95.;){_ “‘0.42 :;_4) e
PRI ) H‘: sufmeyr |
Winter:.. ﬁ © 50 b PR
oT ?_—_.0,“8'74 o E(D, 0_,: ) ’C//vunter
Y = 5,36 x ~0.43 55 g
© 3 2 Bgh? L7
E Y] . /QEHA
o0 R
% = 00 0.25 0.50 0.75 1.0
by 42
Mmoo

thlorine Injection Rate (mg/l)

s Fig,.4.5.1:‘Relatidﬁ'Betwéen'Chlorine Injection Rate
and Concentration of Bromoform Formed

It was discovered that the THM formation rate (concentration at water
outlet) depends on the chlorine injection rate at the cooling water
inlet, and *on the temperature of the water, and that the following
equation can be effected.
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Y = 0.3XT
¥here,

Y: Bromoform concentration at outlet ng/l)

¥: Chlorine injeciion rate at cooling water 1nlet (mg/l)

T: Temperature of water at cooling water inlet C) _
Further, a study of the distribution .of bromoform concentratlon was .
conducted after the water was dlscharged At a spot 100m downstream
from the water outlet, a background value of 0.2 x 1073 mg/l  was
registered due to diffusion and d11ut1on in sea water and evaporat1on

into the atmosphere.

2) Ali, et al. 24) examzned the d1str1but10n of THM in the sea: wate1 dis-
charged from three desalination/power plants in Kuwait and confirmed that
95% of the THM was bromoform, and that most of the remaining - THM was
dibromochloromethane. They also confirmed. that 95% of the THM near the
water outlet reached a level of 90 g/}, and that ithereafter the concent-
ration was reduced to 1 ug/l or less by the advection or nixed diffusion
at the location several kilometers away from the water outlet. '

3) N.M. Fayvad et al. 25)_have;prepared a report concerning. by - products
from chlorination of the sea water in Arabian Gulf: Where  the TGC
content in the sea water was 10 wg/l, the bromide - ion concentration
was 120 mg/1l and, the total oxygen demand was 0.12 mg/l, and the major
component of the volatile compound formed by chlorine injection - was
mainly bromoform with some dibromochloromethane. o

Fig. 4.5.2 and Fig. 4.5.3 show a change in concentration with. the
passage of time, and residual chlorine effects. Organic compounds
other than THM were identified using a gas chromatograph mass spectro-
meter {(GC/MS). The compounds 2-bromocyclohexanol, 1-bromo2-chlorocy-
clohexane and 1.2-dibromacyclohexane were found. These substances are
unstable and changed into other compounds in twenty or so - hours. At
present however, there is only a little information available relating
to accumulation in organISms transfer, tox1c1ty and degradability of
these substances.
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4) Fayad et al. 25) made further measurements on THM concentration in the
drinking water in the eastern area of Saudi Arabia. In that area a
mixture of the product water from the reverse osmosis desalination
plant, and underground water is used as drinking water.

The measurement results indicate that the total THM concentration in
the drinking water in Pamman City is an average 14 ,ag/l of which
bromoform is present in quantities as large as 10 ug/l. This suggests
that = bromoform formed by the chlorination of sea water permeates to
the product water, passing through the reverse osmosis membrane.
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(2) Factors Affecting THM Formation

Many researches have been conducted concérning formation of THM by chlo-
rination. Some of the principal studies are presented below. :

1} According to the results of tests carried out by Aizawa et al. .26),

2)

the THM yield can be expressed by the following equation:

(THM)=0.33(C) 110 (Clz) 27 (pH) -5 (1) 022

¥here,

THM: THM yield - - (#g/1)
C: Concentration of humic acid (mg/1)
Clz : Chlorine injection rate (mg/1)
pH: pH :

f: Reaction time with chlorine (h})

The THM vyield is greatly influenced by the concentrations of = humic
acid and reaction pH. Further, if chlorination is conducted ' in  the
presence of bromide ion, CHCls (chloroform) decreases and CHCIl:zBr,
CHCIBrz,CHBrs are formed as the level of bromide ions increases. As
well, of this amount, the brominated trihatomethane yvield also
increases. The relation between the brominated THM yield and the  Br-
concentration of each reaction pH can be expressed in the following

equation: '
(THMB.) =K (B7)%8
Yhere,

THMa:: (M)
BY AuM) . - .
K: | Constants; 0.05 at pH 4, 0.13 at pH 7, and 0.22 at pH 10

In other words, since the quantity of brominated THM is expressed
nearly as the first order reaction of co-existing Br-, its formation
mechanism should be such that Br is oxidized to form hypobromous acid
or hypobromite ions by the following reaction with chlorine, -and the
oxide reacts with the humic acid in the same manner as the reaction of
the chlorine, and forms THM. : -

HCIO+ Br«—>HBrO+Cl-, ClO™ + Br«— BrO™+CI~
drano et -al. 27) have studied humic acid (C) as aVSaSe'SUEStrate,~-and
proposed the following equation, where the unit of concentration is

expressed by mg/l, and the unit of time (t) is by hour: '

[THM]=0.83 x 10~ (pH ~2.8) [C]{CI2]o25 10.35
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Residual:chlorine-is needed but the concentraticn of chlorine does not
greatly = affect the reaction rate and therefore the main force in the
reaction. of THM formatlon from humic acid is said to be the S, resac-
tion.*.

* Sln.:eact1on (Elcctrnphlllc Substitution Reaction) :

When an oxganlsm is hlghly reactlve and is able to react without depend-
ing on the propert1es or. concentration of chlorine, the reaction rate is
defermined only by the concentration of the organism. This is abbreviated
to a flrst order reaction as "SE 1 reaction”

d [R (A]/dt k[R X]

When-: he chlorlne and the organism’ supplemented each -other, with the

resulting increase in reaction energy, concentrations of both of them

affect the reaction rate. Thls is abbrev1ated to a second-order reaction
s "SE-2 react10n

dfR— C]]/dt‘“k[R X][Cl]

Where

R Cl Olganzc ch1011de
"R-X : Organism :

3) Wada 2® has confirmed through experiment that the THM yield is given
by the following equation, where the concentration of organic sub-
stance 13[1&)(jo,total chlorine 1n3cct10n rate [Clle , time t and
rate constant k.

[THM] k[TOC]T ¢h

If ~humic: ac;d is urged as reagent the values m = 0. 20 and n = (.36
-~ are glven Accord1ngly, the foIIow1ng equation can be established.

[’I‘HM] k[TOC] [Clz]”“ 0.36

Furtheerre, it Was reported that during the experiment, when examin-

ing the relation between temperature and the THM yield, the latter

. increased about seven times when the femperature rose from 10 to 590
] QC‘ . . ) e . .

4} According to Kumai’s investigation 23 relating to chlorine injection
at the cooling water inlet in the power plant, and the bromoform con-
Ccentration at the water outlet, despite the rise in water temperature
by 6 °C - 8§ °C while the cooling water passed through the condenser,

. no increase in THM yield was observed.
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This was due to a low concentration of residual chlorine (0.2 mg/1 - or
less) at the cooling water inlet, and 0.0% to:0.02 at the water out-
let. It can be inferred that the effective concentration of - chlorine
is the most influential factor in the formation reaction. Putting in
order the factors affecting THM formation, according to Urano’ s. equa-
tion the functional degree of relation between THM formation and the
precursor concentration is linear. If the precursor increases '@

times then the rate and absolute amount of chloride formation also

3

increases "a  times,

In relation to thé chlorine concentration, almost no chloride will . be
formed without the presence of free chlorine. ‘If the concentration:. of
free residual chlorine increases, the formation of chloride will also,
but according to the reaction equation, it will not have as much in-
1f the residual chlorine concentration is increased 10 times, both the
vield amount and the rate will not even increase twice as much.: There-
fore, control of chlorine addition will not have as much effect as was
expected. The reaction formula suggests that the effects of the pH and
time factors on the formation of trihalomethane are greater than the
effect of chlorine concentration.

4.5.3: Formation of TH¥ by Chlorination of 0il Polluted Sea Water

One of the important objects of this study is to find oit how much effect
will the small amount of oil have, such as the dissolved oil and the oil
in emulsion which remains in the sea water after the removal of the oil
from the oil spill, or discharged from a nearby refinery, when ' it is
drawn in the intake and chlorinated. However, little investigation has
been conducted concerning whether THM will be formed when sea water: con-
taining o0il is chlorinated. Accordingly, the following imvestigation on
this problem was conducted, based on the research.of chloroform formation
by the reaction of organic¢ compounds with chlorine. ‘ o

(1) Reaction of Various Kinds of Organic Chemical Substénées with -
Chiorine .

Aizawa et al. #% have examined the reaction of chlorine with aliphatic
and aromatic compounds (57 kinds) having as-substituents such groups as
alkyl side chain, carboxyl, oxo, hydroxyl, etc., which were considered to
be the main constituents of humic matter or the precursors for THM forma-
tion {(Tables 4.5.2 to 4.5.4). They were classified into thrée groups
according to their reactivities (Table 4.5.5). .

In the first group, 40% of the consumed chlorine becomes TOCl1 (Total
Organic Chloride), 50% of which becomes organic halogen substances . .other
than "chloroform. Finally, in the third group, the ring opening. reaction
of the benzene ring occurs. It was shown that organic substances in
natural water indicate their values as being in the intermediate of the
second and the third group. : : ' S
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Tabie 4.5.2: TOCl, Chloroform Yield and Consumed
' Chlorine of Aliphatic Compounds

Conditions of chlorination: TOC: 7.2 mg/1, -pH: 7.0 and
: Free chlorine dose: 0.4 mM, 24 hr, 20 °C

) TOC! CIC L-Ch  CHCH-Cl c-C1 ToCi cle ¢l
" . Cumgunnd Coponnd  Compound roci Compsund c-Ci ¢-ci .
(%) () (i (ar/nt) [£) (%)
I Accione 548 121 221 01a 548 |34
2 Metyl Bthylt Ketonu LEY gy 856 007 2R2 242
3 Mclyl Buty} Ketone 334 L6E 503 020 167 84
4 Acelylacetons 2218 Lave 857 415 46T 400
5 Acelonyiscelone .62 tia 695 i 406 282
8 Dincetyl . ) 210 6?7 466 14?7 113 052
¥ Bihyl Acoloseclate 893 043 048 230 388 o e
8 Atcinldohyde 4T 001 az? XY 19 002
9 n-lutytadehyde - 861 015 L7 033 26.1 045
30 Glyceraidehyde 043 o2 241 035 237 006
13 Pyruvie Aldehyde 436 . 01s 361 150 277 183
V2 Badyric Asid 143 003 182 207 222 040
13 Caprie Acid 156 012 13t 0es 712 240
t4 Iyruvic acig . 288 051 176 140 205 095
I£ Levelinte Acid . 34a -093 268 g 348 825
16 Citrie Acid . 120 11 uz) 050 201 181
17 Actlonedicachaxylie Acid k2386 1204 50% AT _3&1 tas
15 Oxalacetic Achd ' 344 “ase Vit 248 f42 0gs
19 Urea 122 001 - 107 AB3 03z 0003

Table 4.5.3: TOC1, Chloroform Yield and Consumed Chlorine of Benzene,
Benzene Monosubstituted Compounds and Phenols

Conditions of chlorination: TOC 7.2 mg/1 and
free chlorine dose 0.4 mM, 24 hr, 20 °C)

T CHTI—CL CHCL-CL C-C) 01 eheiCl
e Compeund Cowpoend  Compownd Tacl Compound <-C1 c-CL
; } (%) . %) - (%) (M3} - {%) (%)
20 Benzes 152 004 263 o1o 152 240
21 Totugns o 230 0os 217 arz 192 042
122 onseneautionic Achd O asa 004 e XY 930 ‘A8
23 Phensl : TS 847 894 Lok a1 81
21 Anitine . : _aks 193 s 158 7 251
25 Benestdehyde: 231 605 216 oz 123 oa2
26 Bonzy! Adeohol 308 005 162 010 308 05
27 Benzoic Acid 151 005 an o1z 124 cdz
28 Nitrobengens h 1658 Tagd 241 are 166 &40
23 A:elo.phunone 964 821 §82 053 182 155
30 L, 4+Pheolanl fonic Acid 733 T 543 894 280 199 ass
4,2 Ditydraxybentene © e 031 a2 504 2% 007
3% 1,3-Dihydraxybenzens 1793 1555 86T 880 204 129
33 1.4-Dihydroxybesizoné " g3y . uss TURE 180 221 42
34 1,2, 3-Tr ihydroxybeniche 113 R T T 7.90 150 04l
35 1,2,4"Vrihydroxybenzone 2009 ] R R} 539 318 421
46 1,3, 5~Tr (nydroxybensane 5538 . 2103 187 10 . 494 181
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Table 4.5.4: TOCL, Chloxofoxm Yield and Consumed Chlorine of Ben201c Ac1d
Honosubst1tuted Compounds, Aminoacetopherone,
Hydroxyace tophenone, Amxnopheno and Amlno Acids

Conditions of chio:xnatlon 10C 7.2 mg/l and
{ree chlorlne dose 0 4 mM 24hr,_20 °C

TOCi  CIeE-Cl Cu_c h=C1 C-Cr . TG CHeye)
» ongound Compound CMIpoxllId ¥QC1 - Compound Ce-cr c-Cj

(&3] (se) [ER] (MW (a5 - (%}
A7 4, 2-Oxyhenzois Aeid 1329 064 T3] 280 475 B £ B
a8 1,4 Deybenzoie Acid - w2 1] 106 |0 a3l 163 .
39 1. 4-Oayvenzaic Acid 1442 5] 590 s 127 815
A0 b, 2-Aninobentele Acid 127 154 383 6572 ,&53 .+ 2sa
411, 3-Aminobenzeic Acid a1 166 24 793 £33 . 208
&2 1, 4-Aninobenzole Acid 547 198 358 A7 810 140
43 ), 2-pestvibenteic Acid 10 103 . 160 740 180 - isni c . 420
$4 1, d-acetylbentoic Aeid 114 50 Y 036 - oamr . 220
45 1,2 Methoxybengaic Acid 168 03s 20% - Le% U7 S A €1
A6 1,4-hi thoxybenzoie Acld 116 . asz 1.9 03¢ Ccarb - 1as
41 1, 2-aninvacelophenone 1964 803 408 [P 17.6 e
48 1,1-Amiaocagetophenane 1682k 338 518 142 C 162 . {38
19 1, 1-gningecslophensne L L0068 553 518 101 IQJ o 837
50 1,2-Osyace tophenone 1598 TR I 107 150 - Lfo
51 1,3Oxyacertophenane 2443 545 103 (B N 29.8 806
52 1,4-Oxgacelophenone 1822 546 297 104 112 52500
53 1,2-Aminopheno) Y - eso . 167 20 . Bis - ddl
54 1,3-Aminophens! 1508 32 207 a1p 166 Caae
55 1, d=gmineghene sis . 012 21 .70 ‘ooz . - 078
56 L—Tryptoghan T v7s7 294 - l&E Y47 Ci2v © 20
57 L-Tyrosine 179 221 124 7.75. 230 628

(Notes) Tables 4.5.2 to 4.5.4

1

TOC1 formation rate: mole ratio of TOC1 formed by
reaction of 1 mole of a substance with chlorlne indt-
cated by percentage

Chloroform formation rate- mole ratlo of chlarzne in
chloroform formed by reaction of 1 mole of a sub-
stances with chlorine 1nd1cated by percentage '

TOC1 /Compound

It

- CHCl3 /Compound

CHCIa /TOC1 - Existence ratio of CHC13-CYl within TOCI ..

C-CE = Rate of chlorine consumed by 1 mole of a c0mpound

CHCIz /C-C1 | - Existence ratio of TOC1 to comsumed amount of . chlo-
rine ' T o

TOC1/C-Ci = Egistence ratio of TOC! to consumed amount of chlo-
rine ' ' o

Source: Aizawa, MHasegawa, Adachi and Magara Y1e1d chafaéfefiStics of
total chlorides of organic compound (TOC1), Bulletxn of Japan Soa:ety " on
Water Pollution Research, Vel.7 No. 2 P.36- 45 (1984)

Nagawa et al. 30) subjected organic compounds such as: aidehyde carboxy-
lic acid, ester, alcohol, ether, phenol, amine, etc., to chlorination and
estimated the amounts of chloroform and TOC1 formed, and examined the
effects of the change with the passage of time, and. the pH. .
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They fuxthel class;fied the compounds into two groups, one which forms a
large TOC]l in the neutral condition but does not form chloroform {alipha-
tic aldehyde, amine, étc.), and the other which is in a neutral condition
and e3811y forms chloroform (compounds with the & -2-ketone structure,
phenol, etc. ) (Table 4.5.6). It was stated that pxotein forms the same
levels of chloroform and TOC1 as humic acid (Table 4.5.7).

: Tabig 4.5.5: Classification According to Reactibility
' of Organic Compounsa on Chlorine

[ nnm g —— ——— -

- First Group_ . Second Group Third Group
1 Acetone. : 6 Diacetyl 11 Urea
2 Methyl Ethyl Ketone_ 8 Acetoaldehyde 23 Phenol
3 Methyl Butyl Ketone ‘9 n-Butyl 24 Aniline
4 Acetyl Acetone. 1 Aldehyde 30 1. 4-Phenosulfonic
5 Acetonyl Acetate - 10 Glyceraldehyde Acid
7 Ethyl Aceto Acetate | 11 Pyruric 1 31 1. 2:-Dihydroxy
13 Caprylic Acid _ Aldehyde Benzene
15 Levulinic Acid | 12 Butyric Acid 33 1.2-Dihydroxy
16 -Citric Acid . 14 Pyruric Acid Benzene
17 Acetonedxcarhoxyllc 18 Oxalacetic 34 1.2.3-Trihydroxy
o Acid e Acidl . - Benzene-
29 Acetophenone'-¢ ' 20 Benzene 38 1. 3-Oxyhenzeic Acid
32 ‘1. 3-Dihydroxy Benzene | 21 Toluene 38 1.4-Oxybenzoic Acid
35 1.2.4- Trihydroxy 22 Benzene 40 1. 2-Amenobenzoic
Benzene : - Sulfonic Acid Acid
36 1 Trlhydroxy ' 25 Benz Aldehyde 41 1. 3-Amenobenzoic
' Benzene_ . 26 Benzyl Alcohol - Acid
37 1.2:0xybenzoic Acid 27 Benzoic Acid 42 1. 4-Amenobenzoic
43 1. 3- Acetylben201c 45 1. 2-Methoxy Acid
- Acid ‘ L Benzoic Acid 47 1. 2-Aminoacetophenone’
44 1, 4- AcetylbeHZIOC ' 46 1. 4-Methoxy 48 1. 3-Aminoacetophenone
AC1d . : Benzoic Acid - 49 1. 4-Aminoace tophenone
s ‘ : 50 1. 2-0Oxvacetophenone
51 1. 3-Oxvacetophenone
52 1. 4:0Oxyvacetophenone
53 1. 2-Amino Phenol
54 1. 3-Amino Phenol
'55 1. 4-Amino Phenol
56 L-Tryptophan
. 57 Tyrosine
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Table 4.5.6: T0C1, POCI and Chloroforn Formed in Reaction of
Various Ovganic Compounds with Chlorine .

TOC! POCI ‘Chloroform
- (ug/D {a8/0) Cug/h)
A!dchyéﬂ ' :
Accmidehydc 6600 11 g
Prapionaldehyde ' 660 : - 80 S <B
Butyraldchyde 830° 17 ~5
Tsobutyraldehyde 160 : 13 . <5
Valeraldehyde C 480 <5 <5
Hexanal 720 129 . <5
Ketoaes _
Acetane 650 350 210
Ethyl methyl ketone Co120 120 RS V.
Acctophenone 640 . 380 310
2, 4-Pentacedions 7400 . 6100 2000°
3, 5-Hepranedione | " 5400 2300 2500
2, 5-Hexanedione 1160 600 : 480
Carboxylic acid T .
Pyruvic acid 480 83 73
Phenols Lo S
Phenol _ 5400 52 32
2, 6-Dimethylphenal 1800 470 350
o~Chlorophenol - 3500 46 51
3, 5-Dichlorophenol £900 680 640
2, 4, 6-Trichlorophenol —1800 130 ) 140
Catechol 160 20 22
Resorcinol 3700 3000 - Am
2-Methyleesarcinol 1400 50 o
4.-Methylresarcinal 4900 3000 ' 1600
Hydroquinone 590 e | 120
Pyrogallol 1400 12 <3
Phiorogiucinol 300 : S10 450
1-Naphthol. 500 . 1z <s
1, 3-MNaphthalenediol 3500 2ico 2200
Amines : ' : '
Triathylamine 470 8 <3
Aniline . 1100 160 18
N=Methylaniling 1700 - 410 B 1
N, N-Dimethylaniline 1390 450 %0
2, 6-Dimethylaniline 700 230 - T
1-Naphthylamine 850 12 12
.0-Phenylencdiarmine 410 <5 <5
. m~Pheaylenediamine 1300 ) <5 =8
Organic compounds: 10 mg/l, Chlonne: 20 mg/{, pH: 7, Reaction time:
24 h
Remarks: TOC! = Total organic chlorine
POC1 = Volatile organic chlorine
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Table 4.5.7: Formation of TOCI, POCl and Chloroform at the Reaction of
"Proteins with Chlorine in Dilute Aqueous Selution

ToCH POC1 Chloroform

(ug/ {ng/ 1) (2g /1)
@-Casein _ 360 80 90
Hemogliobin 510 140 160
Rioonuelease 470 82 77
B-Lactoglobulin 7 380 77 81
Lysozyme : 840 150 170
d—Chymocrypsinogen—A 600 120 130
Humie acid . 770 . 220

Proteinil0mg/f, Chlorine:20mg/ 8
PHI 7. BReaction time!24h

(2) ReaCfionrof Compénents in Crude 0il with Chlorine

Since most kxnds of chemical substances which tend to form THM have most-
iy been identified from the study concerning the reaction of organic
chemical = substances with ch1011ne (as mentioned in the preceding para-
graph),  these substances were compared with chemical components in crude
oil, arnd studles were conducted concernlng the possxb111ty of THM forming
when sea water contaln1ng crude 011 1s chlorlnated

The assumed components of spilled oil are referred to in Fig. 2.4.2. When
the substances used in the THM tests were compared to the substances also
plesent in c¢rude oil components it was found that the benzene and tolu-
ene of c;ude oil components have a smaller reactivity with chlorine.

Accordlng to Alzawa et al. about 15§ to 19} of them are turned into orga-
nic chléride, of which 2% to 2.6% is chloroform, and most of them become
organic chlorides other_than THM. In other words, the amount of THM form-
ed from the reaCtion with chlorine is very small.

Also, whxle there is no. data concerning the napthenic acid contained in
napthene based crude oil, it can be presumed that napthenic acid forms
some THM, when one considers that caprylic acid and butylic acid, which
are carboxyllc ac1ds (the same as napthenic acid), form THM, though the
fo:matxon rate is smali

Due to‘a‘lack of data it is not certain, but it is expected that some of
the components react with chlorine and form organic chloride, of which
some do not form THM at all, but some do form a very small amount.

Further 7iﬁve§tigatidn:ahd'éxamination'may be necessary to clear up this
matter. ' '
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(3) Reaction of Weathered Crude 0il with Chlorine

Crade oil effused into sea water is subgect to weather1ng,'ox1dat1on or
other forms of decomposition by the actions of bacteria. According to
Hansen (1975), the infrared absorption peak of organic matters - in the
water heneath an oil film of 1700 cm™! by. CO grup greatly increases com-
pared with the absorption peak of 1460 cm™! of CHa. It is believed that
the absorption by -CO gruop in the oil fxlm increases w1th a curve of the

second-order. 31)

As a conclusion, ‘it is said that the photochemical decomposition of oil
at a water temperature of about 25 °C was 0. 07%/8 '

Hansen established the following formula in 1975;
Hydrocarbon CxHy-+02—Cx-1Hy—2 COOH

The contents of the decomposition pnoducts of petroleum hydrocalbons were
studied by Ehrhardt, et al. (1984) and Thominette et al. . (1984), and thc
process of decomposition to form acetone-rich ketone (mainly acetone),
phenol and cresol was verified. 32) S '

As stated above, crude oil effused into sea water is subjected to wea
thering, oxidation and decomp051t1on 1nto carboxy11c ac1d acetone phe—
nol and cresol, and forms a functional group in hydtocarbon ¥ith ace-
tone, 55% of the consumed chlorine participates in the formation of orga-
nic chlorides, about 22% of which is turned 1nto chlorofOIm

With phenol, about 9% of the consumed ch10r1ne is'turned '1ﬁt¢ ’oiganio
chloride, and about 9% 1nto chloroform lhe chloroform formatlon rate is
8. 5%. o

Therefore, it is thought that ox1dxzed and decamposed crude 011 formq a
significant amount of chloroform, -

(4) Reaction of Sea Water Containing Dissolved 0il with Chlorine
According to the laboratory experiments COnducted by Allffs’,L the _maln
products formed by chlorination of sea water or sea water in Whlch water
soluble fractions. (WSF) from Kuwait crude oil are ‘added, are bromoform
(CHBrz), dibromochloromethane and a very small amount of bromodlchloro
methane. As shown in Fig. 4.5.4, the amount of bromoform is 1ncreased by
the addition of WSF.

Consequently, it is considered that if crudé oil is effused into the sea
water and sea water containing dissolved o0il is chlorindted as raw sea

water for desalipation, THM formation is 1ncreased due to the presence of
crude oil components.

— 320 —



CHBra
. 236ug /[HC

55 : . Addition of WSF
-
//
s04 . - . >
o ~
~
”~
T I .7
o o Cy
’ // ' ' . C:3ra
40~ ’ .7 90ug/THC
/ -
’ L
f‘\. 4 ’-’
: - 35"" ‘/ "_,
=L . 1 L
f -
g ;o
V 30“ . : I . f’
e / s
fg -’ »”
g 25
oo ’ s
= i
L N K
R 20 . g . ‘I
O 4
2 K
ko /
m & Ky
w15
© CHBr3
Controt
10 1
e CHBT?CI
o= —— . 2364 /LHC
& 5 R SRR E T QOﬂg/LHC
¥ [ Control
N 0 o, : : . } CHC1; Br
~ 5% : ’ ' Contro/l
2 18] T Ee T T S T T o 236ug /L HC
5 tl)'gj E;'t:::""'-”_"'"""‘“"“"“"'“‘ 90.ug/LHC
4] L T - T ¥ r -+

6 12 18 '24 0 36 42 48
: .Rea_.ctiﬂn time(hrs)

 Fig. 4.5.4: Sea Water Chlorination in the Presence of
: . ¥ater Soluble Fractions from Kuwait Crude 0il

In consideration of" the above, hydrocarbons {which are the main component
aof all crude 0il) bave a small reactivity, but other components with a
reactivity or oxiddation product are turned into organic chlorides by
chlorlnat1on, and a part of which further reacts until THM is formed,
Whlle maln part of the rest remains as organlc Cthrideb

Since " the formatlon of THM var1es c0n31derably depending upon the  reac-
tzon timé with ‘the ¢hlorine, the extent of formation of THM from the raw
sea ‘water 'supplled to the actual desalination plant ‘will be clearly
ascertalnable after thorlnatlon tests condiucted on the oil contaminated
sea water sampled at theé plant, and ‘under the same conditions of chiorine
1nJect10n and react1on time as those of the plant.
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4.5. 4 Possibility of Intermix of THM in Product Water

Here, a study w11! ‘be made about to what extend THM and its precursory
matters in sea water are transferred to product water ﬂnd if formation of
THM is possible by chlorination of oil-polluted components in product

watex.
(1) Formation of THM in Sea Water Desalination Plant
The conditions of sea water in the subject plant are:

Temperature:. 35 to 100 °C
Retention time; about 3 min
Residual chlorine: 0.1 mg/l.

Now, a study will be made on relation between the above plant conditions
and the formation of THM. :

When humic acid is used as substrate, the reaction formula for the forma-
tion of THM can be expressed as follows as stated in 4.5.2 (2) 23.

Unit of concentration: mg/l
Unit of time: h

[THM]= k (pH - 2. 8) (humic acid) [chknnne]mt“
k = 0.83 x 10-3

m = (.25

n = 0.35

The above coefficients are used in case of humic, ac1d and if the pre-
cursor matter and the temperature are changed the coefficients will
naturally be changed.

However, according to Urano 54), the quantity of THM from at 50 °C became
7 times as much as that at 10 °C in the spec1fxed time, but changes  in
coefficients m and n due to the changes in temperature can be neglected.
When considering reactivity of chlorine, it appears that THM is formed
after the react on has started simultaneously with injection:of chlorine.

Since there is no data showing actual measurement of a few minute reac-
tion, there may be a short time induction per;od, though this 18 ancer -
tain, o

Although the experimental data describes reaction at 28 °C, "if the ‘tenm-
perature rises to 35 °C to 90 °C, the react1on speed becomes  extremé1y
fast. As clearly described in the experimental result concerning removal
of THM by boiling (Fig. 6.2.2), THM starts to increase. with the. rise - in
temperature, and rapidly increases when the . tempezature ‘goes: up close ‘to
100 °C. Therefore, the curve in Fig. 4.5.2 would c0n31derab1y $£0 . upward
and the quantity of THM formation would rapidly increase, Wh1ch naturally
suggests that trihalo-methane will be formed even if ‘the retentlon t;me
in the plant is only for 3 minutes. :
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It will be advantageous if an inhibitor which can delay such reaction of
THM formation is found, but such substance has not been found up to  now.
However, the above mentioned reaction formula for THM formation indicates
that the formation speed is reduced with decline of pH.

Fig. ~4.5.5 indicates that when pH is reduced from 9 to 7, THM 1is also
reduced by about 50%. The figure shows that quantity of molar formation
(mole mnumber of THM formation/100 mole of consumed chlorine) is a func-
- tion of pH and the formation of THM is greatly promoted by elevation of

pH.

It can be said from the above that reduction of THM is made possible
first. by the chicorination at reduced pH and then by elevating pH after
the residual th@lxne has disappeared. Morris and Brown reported, how-
ever, that if pH was elevated, THM would be formed even after disappeared
residual = chlorine. It may be because an intermediate product which was
combined with chlorine at low pH forms THM by hydrolysis at elevated pH.

Accordingly, ‘an experiment was conducted to confirm this (Table 4.5.8),
which shows that the effective way is to reduce pH while in contact with
chlorine.” The removal of residual chlorine by ammonia forms more  THM
than the removal by thiosulfuric acid. In other words, reduction in
THM can : be effected by conducting chlorination at reduced pH and then
‘restoring to original pH after the residual chlorine has been removed.

g
&
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o
o
> 150 {.
a _
s w0l //;
L]
=
&
= s0 |-
=
0 a, i !
& 7 8 9

Fig..d.S,S: Effect of'pH on THM Formation

"Table 4,5.8: Effect of Reduction in pH on THM Formation

Procedure THM- wg2/1
pH 9.0: 5 mg/1: 1 h; quench" 18.0
| pH 6.0; 5 mg/l; 1 h; quench 65.94
;P 6.0; 5-mg/l; 1 h; pH 9.0;1 h; quench 10.1
Y pH 6.0:°5 mg/l: 1 h; NHs: pH 8.0 10.7

'Note:.All samﬁléé.stored 24 h aﬁ final pH before.analysis
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(2) Transfer of THM'to Product Water

Solubility of THM into water is great and ~ its HenryiS- constant " is
considerably greater than that of components in dissolved oil ~such as
benzene, toluene, etc., as indicated below: ;

THM " H (mol/kg atm 25 °C) -
Chloroform : - 0.2937
Bromodichloromethane 0. 4699
Dibromochloromethane 1.2755

Bromoform . 1. 860

103

104

Concentration ¢ [mo 1, /4]

_BromofOIm

© e
- ® Dibrochloromethane
10-* C)_Bromochloromethane
’ @ Chloroform
» . !
2;(10-5 1074 - . . .1:0....5 . ) : - . . 10—4

Partial bPressure P {atm])

Fig. 4.5.6: Relations between THM Concentraﬁioh,and Péftial-Pr633ure'
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This relation is indicated in Fig. '4.5.6. Assuming that 100 pxg/1 each of
LhIOIOfOIm and bromoform is contained in sea water, the material balance
is MSF plant Caiculated by Equatxon in 4.4.3 (2) becomes as indicated in
Table 4 9 :

Table 4. 5 9 Mate11a1 Balance of THM in MSY Plant

. N ‘ Temp..Deoé;ator Deaerator Evaporation!Product [Removing
rhase _ (°C) lInlet Outlet Water Water Ratic
: . {mg/L) (mg/L) (mg/L) (mg/L) (%)

‘chloroform/Water | 35 | 100 ug/1| 37 ug/1l | 121 ug/1 | 45 ug/¥ 55
Bromoform/Water  |:35 | 100 ug/1! 79 ug/l | 257 ug/l (202 ug/} -

IR _ Deaeration Inlet — Product Water _
Remarks: Removing Ratio =. . . ® 100
: Deaeration Inlet

Vent vent.

-

Congdensexr

' : Product
. Water
Evaporator] :

Inlet ——

Deaerator

Thls 1ndlcates that reduction rate of THM in the de - aerattor is 40 to 80%
and THM cannot be Lompletely reduced. Also, it shows that 45 yg/l in case
of. chloroform and 202 xg/! in case of bromoform is intermixed in product
water, 1nd1cat1ng that it is rather a concentration in case of bromoform.

(3)'Transfef of‘THM Precursor Matters to Product Water

It s said that precursor matters such as humic acid, fulvo acid, etc.
are generally .contained in TOC at the rate of 10 mg/l. The pre-cursor
matters from'a. high molecular compound having several thousands to seve-
ral ten thouqands molecular weight with almost no volatility and will not
be transferred to product water, TherefOIe, it is necessary to consider
that precursor matters in sea water will be transferred into product
water and will form THM by reaction with chlorine.
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However, there is a fear that ana Exide product in crude oil becomes a
precursor matter of THM as mentioned. in 4.5.3. As components. of the oxide
product in- crude oil, there are carbonxylic acid, acetone, phenol . and
cresol! and so on. Solubility of these components into water is generally
Jarge. They are not easily diffused in the deaerator but dissolved into
water through the evaporation and condensation stages. -

For example, Henry's constant of acetone is 17.73 mol/I.afm (25-%:). When

calculating material balance in MSF plant using this value pursuant to
the equation in 4.4.3 (2) for the case where 10 mg/1 acetone is mixed
into sea water, the result will be as indicated in Table 4.5.10. The
concentration of acetone in treated water in the deaerator is 9.6 mg/1,
while its concentration in product water is 28.7 mg/1, which shows that
acetone is concentrated in product water.

Table 4.5.10: Material Balance of Acetone in MSF Plant

Phase Temp. Deacrator Deacrator Evépdratidn _Produét
¢C) Inlet Outlet | Water .| Water
(ug/l) (ug/1) (peg/ 1) (ug/1)

Acetone/Water 35 10 9.6 30 28.7

(4) Formation of THM by Chlorination of Product Water

When product water is injected with chlorine for the after treatment, it
appears that THM is formed if oxide product of ¢rude oil is contained in
product water, as described in 4.5.3. The reactivity between oxide pro-
duct and chlorine varies depending on the kind of organic compounds, and
it is known that many matters form chloroform.

Taking acetone as an example, when using the data as indicated in Table
4.5.6, related to the experiment of reaction by c¢hlorine ‘addition to 10
mg/l water solution of acetone {reaction condition; chlorine injection 20
mg/1, pH 7, reaction time 24 h), the concentration of chloroform becomes
270 ug/1 by chlorination of 10 mg/l product water. R

In view of these informations, if post-treatment of product water = by
chlorine is conducted under the condition of ail contamination of sea
water, the possibility of THM formation is great.. e ST

However, since there are no enough data available to predict " detail ~of
its formation at present, it should be the subject for future-study. -
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4.6 Corxos1on of Plant Mateiials.
4. 6. 1 Corr051on MechanIsm by 0il Contaminated Sea Water

Although it is 1nc0ncelvable that metallxc mater1als will be corroded hy
hydrocarbons in the crude oil itself, if water, sulfide or chloride is
present in‘the crude oil, the metallic materials may be corroded by water
alone, or by water in sulfide or chloride solution. The corrosion occurs
when - the water or water solution comes into contact with the surface of
the materials, or when a local cell is formed between the contact points
of the oil and of the water/water solution

The corrosion mechanisa is- described as follows by way «of an @ example
where corrosion pitting occurs due to oil drops adhering to the surface
of carbon steel, 34)
{a) Anode Reactioﬁs_
Fe — Feaz+ + 2e _ _ (4.149)
Fez+ + 200 — Fe(OH)z (4. 15)
1f carbon dioxide or hydrogen sulfide is present;

Fe (OH)z + CO0z — FeCO3 + Hz0 - (4. 16)

FeCOs + HzS - Fe& + COz + Hz20 (4.17)
Fe(OH)z + Hz§ — FeS + ZEEO _ (4.18)

Further;7if oxygen is,preseﬁt;

ﬁFeS + 02 + GHZO ~ 2Fes304 + bHZS : (4. 19)
4Fe304 + 02 + 18Hz0 — 5F6203 + 3H20) | (4. 20)
2HzS 47300 — 2HeO + 2502 | (4. 21)
S0z + ZHZS = 2Hz20 + 35S (4. 22)

(b) Cathede reactlon
2H+'-f Ze —> Hz : . o (4. 23)
If 0xygen 1s present |
Hz + 1/202 - om0 o | (4. 24)
AS ment1oned above, ths pxt turns black when F3304 is formed, the color

of the pit changes to red, and sometimes an elemental sulfur precipl-
tates.
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Fig. 4.6.1 shows a typical corrosion mechanism in. an'-oxidizing cycle
where not only hydrogen sulfide but also oxygen is present. Fig. -4.6.2
shows a typical repregsentation of the corrosion mechanism in a reducing
cvcle where only hydrogen sulfide and carbon dioxide, W1thout oxygen, are

present.

Further, Table 4.6.1 shows the sul fur content ‘in the crude oil :produced
in the Middle East. : S .

4.6.2 Example of Corrosion by Oil-Contaminated Seé Weter

At the present time, there exist no reports concernxng 1nvest1gat10n or
research in relation to the corrosion of desalination plants by .oil’ con-
taminated sea water. .In this paper therefore, corrosion by  an 0il/sea
water mixture will be described, taking as an example the corrosion of
0il tanker cargo oil tanks which are fill with ballast sean watex, forming
a corrosive atmosphere.

However, before proceeding to the main issue, two cases of corrosion
damage cavsed by the crude o0il itself will be introduced. '

One is the corrosion test conducted by Sato et al. 35) over a period  of
two years on copper, copper alloy, nickel copper alloy and stainless
steel, all of which can be used as materials in the - hydraulic . pressure
contrel pipes laid in the crude oil tank. '

The material and chemical composition of‘metals used in the test are
shown in Table 4.6.2, setting position of test pieces in Fig. 4.6.3 and
the results of the corrosion tests conducted dur1ng the two year exposure
time in Table 4. 6. 3.

From these experiments the following can be observed.. . -

(a) Stronger corrosion of each of the test pieces was observed and! more
scale was attached to the test pieces in the gaseous phase crude o0il
tank (behind the deck) than in the crudeioil (bottom of the. tank).
The weight reduction by corrosion in the gaseous phase was about
three times as much as that of the crude oil, and the scale deéposits
were about five times greater. ' : -

(b) Copper, copper alloy and nickel copper-alloy were subjected to COrro-
sion of the general corrosion type, and albrac “(aluminun brass), API
bronze and AP2 bronze were accompanied by intergranular corrosion. On
the other hand, corrosion of AISI 18-8 stainless steel was caused by
pitting. ' e T

(c) The depth of corrosion on the test piece in the gaseous phase wh1ch
had a strong corrosive action was; 0.35 to 0.41 mm on: ~albrac, APl
bronze, and AP2 bronze, 0.47 to 0.61 mm on 10% cupronickel, 30% cup-
ronickel and nickel copper alloy, and 1.06 to 1. 09 mm. on. copper and
18-8 stainless steel after two years. - R

- 328 —



T B ' T
] e : ~ DEEP PIT COHIIOS]O\I / ONYDIZING CYCLE

§0, r2HS— 2H:0+38
ATR 0O, ALK Os 2H,S + 30: -2 2H,0 4 250,
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; 4
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2 Fe(Oli) Fe§ CATHODIC TO [RON

ELECTRON FLOW o
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. : ' : " DEMAND FOR-
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Fig£'4[5;2$ Pitfihg'Mechénism (Reducing Cycle)
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Table 4.6.1: Sulfur Content in Middle East Crude 0il

[

Mercaptans

Crude Hydrogen :TotaI
Source Sulfide {(mg/1) | Sulfur (}) (mg/1) :
- ) I o T
Iran Up to 20 1.3 - 20 160 - 240
(Four samples)
Kuwait Up to 8 2.6 - 3.7 170 - 210
(Two samples) o :
Libya Negligible 0.18 th'Rgporteﬁ
Libya - Fes | 300 10.32 Not Reported
Sider ; : '
Saudia Arabia | Not Reported |[1.7.- 2.9 |13 - 180
(Two samples)
Arabian Gulf | Up to 40 0.14 - 1.25 |Up to 4
{Qatar)
Abu Dhabi Less than 20 | Less than 20 | Not Reported
{Adleg) .
1raq Négative 1.95 Not Reported
(Basra) : :
Dubavy Negligible ~1.43 Present ‘but not
analyzed
L _
Table 4.6.2: Chemical Compositions-bf Test Pieces -
_ o R ;GL%)

Material cul Pl rel P | za]l m} s | N[ mn | sa [er [Te
Deoxidized Copper p.95] o.0i8f o] <000 | ~ | — - - - - - - —-
Ao Bas) — o) @u | R |2m |0 | ees| — = - = |
90-20 Cupronickel R - jus oo |~ =y -~ 995 [ 070 |  — - ~
70-30 Cupronickel R — | 0.60 @0 — - — - 20.50 0.65 - - -
M*%gwa nsf - Lyl < ~ — lenl ~ ES 0.35 - = oo
AP-1 Bronzv R - | a@an| .0 R - - - 6.1 - —
AP-f Bronze R |~ |oou] @ot | — | 11 |or [ = - ~ | &s - i
18-8 Stalnfeas - -~ 1= - ~ =1 = SR T N (S RPN YT
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Set Position of Test Pieces

Controlling - (Top of tank)
cabin Oil pressure
,/::;pmingﬂ,Deck —
LB

...--...,..-_.._.
T ]
fas aa

Oil tank

\\\?\Conhoumg valve

o

Fig. 4.6.3: Setting Positions of Test Pieces in Cargo 0il Tank

Table 4.6.3: Result of the 2-Year Corrosion Test in Cargo 0il Tank

?oai;ttidn _ ) Mnterh.:l“ Quantity of scale - . Weight of'eox‘-rosion loss Maximum depth of corrosion pits
soecimens| [ et | (aemen] CAvB Lo | cmgonty | AsE | om | o | agg | (mer
"} Deoxidizea Copper [101.6, 1959| 148.8 4.8 [200.0, 7.3 2088 a2 (188 1.0e] 1.0 24 1.08

-'g ‘ Alviag - |00, $5.2  93d 1.0 hetd, 0 109 1 jod oae] 0. L2 0.37 .
C.; 95-10 Cupronickel  {136.9, m.j 1540 2.5 {159.1, 20100 195.1 1.5 | 0.61, 0.60 0.61 1.2 0.64
8 .. | -30 cuprontcket. _7u.£~1§1.s! 116.1 21 17.6~218.1], 195.2 (L6 [ 0.390.60] 047 s ] 0.8
"C‘é 3 Nlckel Copper Aﬁoy 814, 155 985 27 1834, Us3 9t 1.0 less, 041 a8 | 1.7 ' 0.56
£ AP-1 Brongze 153.1, 169.6 1714 21 . [ir.a, 159.5 | 186.7 17 o360 035 | 1.3 —
n _AP-2 Bronze 0211957 150.7 2.0 [162.8~208.8 181.8 1.7 }0.20-0.50) 0.1 1.6 -
© 18-3 Stainless Steel 5.5, 1578 1314 1.9 |66.6,€8.5) 618 4 jreiel we 1.4 0.8l |
7 Deoxidized Copper’ | 26.1. 36.3] 312 g X - N IR X - [0.39, 050 0us - -
g Albrac [ 7.9, 1204] 9.6 — LB, 1574 1806 . —~ 033,035 0.8 - -
- $0-10 Cépronickel | 57.3, 608 | . 58°%. - 23, 139 1306 — four,0m| o4 —~ -
:; a " 70-30 Cupronicket - | 415841 54.8 -~  hHJ~IsY 151 - lo.2%~0.28 o..31 - -
¥ | Bickel Copper Alloy | ¥4, 43.2] - 3.3 1952, 963] eS8 - 1 om | ez — —
g " AP-1 Bronze Time. 81| w26 1 = perz, mg aea — oz, vl 0% — —
1?3,_ AP7Bronze | |G08-1a) @3 |  — [(0a0-utg 1005 - |oz-029] 025 - | -
M 168 Stainless Steel [ 76.5, 86| 8.5 — [3 03] 8 ~Jesmes| 0w ==

* Referential data of apalogous test by Gilbert 9 ongmal datz on maximum depth of attack were converted Into simllar unit
1o our test data, mm/2year, . - :

(d) Corr081on of copper, copper alloy and nickel copper alloy is consi-
dered . to.have been . caused mainly by sulfide contained in the crude
“oil, because ‘a great amount of sulfur {(5) and sulfide  (Cu2S) were
detected on. the scale.

Corroszon _of the 18 8 stalnless steel is considered to have been

_'caused malnly by chloride contained in the crude ¢il' and the sea
water, judg1ng from the type of pitting corrosion. '



{e)

(f)

(2)

(h)

Stress corrosion c¢racking occurred on albrac and 18-8 stainless steel
to which stress was applied. Cracks occurred on both albrac test
pieces in the gaseous phase and in the crude oil phase, but thoqe on
18-8 stainiess steel test pxeces only occurred In the czude 011

The action of hydrogen sulf1de and OXygen can be cons:dexed as a main
cause for the stress corrosion crack1ng in_albrac, and the: action of
chloride for that in 18-8 stainless steel.

It was discovered that corrosion was affected to a great extent by
the condition of contact between the corrosive fluid and the test
piece. In other words, an increase in the fluidity appears to con-
siderably accelerate the corrosion process. :

Since no corrosion was observed on titanium used in the base employed
to set the test pieces, titanium is acknowledged to have outstandlng
corrosion resistance in an atmosphere of that kind.

fur thermore, Sato 36) haS'repdrtéd;on-thé*reSuIts-of‘éOrrosion tests
conducted on different metallic materials used in heat exchangers in
the hydrogen desulfurizatlon fac1l1t1es in the 011 refinery '

The kind and chemical composition of metalllc materlals used in’ the: test

are indicated  in Table 4.6.4, test conditions in Table 4. b 5 and the

results obtained from this test in Table 4. 6 6

Table 4.6.4: Chemical Composition of Test Pieces,(wt%)

A o N L N I S T I S O
1 | Deoxidized Copper 9994 | 001 - - - - - = - - —'
g | Atuminium Bress o 7834 | ~— | 202 | o022 | oo | ooz | R I
3 | 79-30 Cupronickel{QNTF—3) | 6765.} — - -~ - o7yl Tro | oosz.| 3009 | 07t
4 | Aluminium Bronze 9190 - . 6832 - e e - ”“'4 ..“ -
Al Cu Fe si | Mg | Ma '_-25_ el
5 | Aluminium Alloy {5052) R .0.01 023 0.06 249 ;I‘r 0.03 025
Ti N O C H Fe ,§i
6 | Titanium (ST-40) ' R 0.0 1 0.04 -| 0.01 001 0.04 '.0.02 _
| Fe ¢ | s | M| P s ] e ] i
7 | Lew Carbon Stee] R 0.06 0.04 | 029 cot4| oo12 - -
8 18 Cr Slamlcs(gfrg;zelso) R 003" - L _ _. : 1809 (-
g | 188 Stniniesa(g}l’;(c:l:md) | = 0.04 - ;_J__: - .:_:z's.ngf, 7_.96_-
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’l‘able_é.. 6.5: Conditions of F_‘ield Test in Heat Exchanger of Unifiner Plant

DRSS A _ .

Heal exchanger Flwid ' Temp., T l‘rkf;s/s‘l\;{e. ?E:?Eﬁ:n o
A Combined feed heat exchanger {S?{Uft’j;‘fﬂa:i:;protr::l?i:jdcshlzullrfli;‘g 190~230 15 6189
[ !’rodu.ct cm.n!anser Eﬁ:{fﬂ;i’zﬂl?htr ‘(?;g’; hyquﬁ" 170 45 G480
¢ Overhpad condenser Gasel ine 4 T IS 100~145 12 19,000

Table 4.6.6: Results of Corrosion Test
Cﬁrrosion rate Pegree of foss in Lensite ) ——l
wl Specimens fieat teats, % ] Dt’pth ol
. o Il‘lxchanger vl o .. | m/_.yr ;i?::};:h clongation pus(xto.u.)
. . - — — -

1 { Deoxidized Copper' . e _ - ) R - - -

' e s ce _ - - _

s ) A _ R 8 0.04 39 : 42 -
aminium Brass .. . .
2 n. (Albraac BaTF-2) L 617 o1t 53 5o -
. C 140 204 54 1 -
o . A - - 520 008 23 iz -
3| 76-30 Cipronickel (CNTF- B . - . - _
: P . B _.C-. . . L i _ B . .
S A — - T - -
4 Alzlminiajxh Bronze _ B . - _ —_ _ - _
- . . o _ B ) i B
A 03 00¢ 10 i 86 0|
s | Atuminjum Alloy(5052) B “3a1 01e Lo - 30
' c 9.3 002 ' 13 85 )
: o A 0 ¢ o 0 -
6 Titanium(ST~40)- - B a2z 0.6t o 34 -
" ) C 0 0. o 0
A 1013 017 e T T
7 | Low Carbon S§lteel B 607 ‘ RAL & 45
FERRT T c Tazy o3 16 19 T
R .' o A 14 001 | 7 o | as |
a :18 Cl_’.StalinEea.s Sleel, 5 . 55 0‘6] 6 0 L6
‘ A Type 430) . e
: R c 5.6 0.00 5 54 a0
B )—‘_ Ca 14 0.00 17 o 18
9 "8_8‘Smi".'(e_::p:“;;_:): o 512 0.09 L8 9 20
S T C 18 000 7 21 a7
A Spcnmcn \v’m corrodcd :N.'\y

T "Type ul’ lhe cormslon c[as;ll’lcd by the made| of corrosian hy Jl’! N

LA "*‘,pec\men \ma'b!.e Lo do Lhc temue lcst due Lo stvere cargasion



Erom the above the foilowing may be observed:

(a) Corrosion by sulfide is ESpecially noticeable on copper al%oys. Anong
them, the brass group of copper alloy has a -considerably high corro-
sion resistance. .

(b) Titanium has a very good corrosion resistancé_buﬁ absorbs hydrogen
under certain conditions, becoming brittle.

(¢) Aluminum and stainless steel produce pitting. The ¢corrosion factor is
considered to be the action of chloride.

An example of tests conducted using sea water and oil will now be
discussed:

Sakae et al. 37) conducted tests over a 430 day period in_anlactual ship,
setting spool test specimens made of various structure materials 'in. a
tanker’ s oil tank. 75 kinds of test pieces are listed in Table 4.6.7,
setting positions - of the test pieces and conditions in the  tank {test
environment) in Table 4.6.8 and properties of cargo crude oil in Table
4.6.9. . o :

Further, the rate of corrosion of metallic materials over 430 - days and
the survey results of the test pieces, except those with special surface-
treated materials {(molten metal spray coating, molten metal coating and
electrolytic coating ) were obtained: : ' : : L

{(a) The corrosion rates of mild steel, cast steel, cast iron ‘and- low
alioy steels was 0.06 to 0.14 mm: There was not much difference in
corrosion resistance. :

(b) Corrosion ' rates of martensite stainless steels were about one fifth
those of mild steel, and those of ferrite stainless stéels were about
one tenth of the same, both showing a whole surface: corrosion accom-
panied by pitting. Austenite stainless steels showed a small amount
of corrosion, a good result. T S

But some stainless steel of different. kinds = formed cbhsiderable
pitting corrosion, 1i.e., AISI 347 stainless steel which ‘should be
resistant to intergranular corrosion showed a little resistance to
pitting. From these results, it is presumed that the stress corrosion
action due to pitting formation rather than intergranular corrosion
becomes a factor in producing a corrosive atmosphere for - stainless
steels in cargo oil tanks. ' : o

(c) Coppei, copper alloy and nickel alloys were covered by solid black
copper sulfide and niakel sulfide films. The largest corrosive fac-:
tors were found to be corrosion by sulfide. The same is the case with
monel metal, and its corrosion resistance cannot be relied’ upon in
the environment created by Middle East crude oil. -
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Table 4.6.8: Layout of Test Tank and Tank Conditions

[Tank No. 3 Cénter : fNo.S'Cénter No.GéWing
Kind of Tank | Crude 0il, - | Crude 0il Ballast | Crude 0il
Ballast Sea Water | Sea Water ' ,
Amine System
Inhibitor
Corrosion RESCOAL W 711 Mg anode
Proof
Treatment Projection : o
3 6 3
Number of | 86 sheets 144 sheets 56 sheets
Specimen : ' . ' '
Ballastfng 50 days 63:days 5_déyé
Days S o _
Amount of Gas 0il Gasbline'
Cargo 01 e
20, 800 t 20065 t | 77007
+ 2,000 t o+ 1,140 £ | 10,000 t
M10-] M9 8- Mt mé- ‘fmi
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Table 4.6.9: Properties of Cargo Crude 0il

- - |'Source | Arabia | Syria | Iran Qatar
Item . :
Specific Gravity | 34.7 | 36.9 | 33.8 | 40.0
APT o
Flash Point (F) | -~ | 50 80 88
Pour Point (F) - 55 ~10 <0
Viscosity 100 44 | 33.8 | 44.9 | 36
F), SSU
Moistﬁfé; 0.2 | tr - tr
Deposit (%)
Sulfur (%) 1.56| 0.08| 1.46( 1.91
Evaporation 3.8 | 2.6 | 45 6.5
Residue (¥)
| ¥ax @ 1.1 - . 1.1

Kuwait

31.6

53.8

2.49

e —— ey

Wafra

24.2

-20

167

3.09
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(d) Among non-ferrous metals, titanium is the best; aluminum has a corro-
sion resistance to the same extent as that of austenite stainless
steels, but has a tendency to produce slight pitting corrosion (the
place of corrosion was limited to that part in contact w:th the ' spa-
cer). .

(¢) Among synthetic resins, mélamine plastics were not acceptable al-
though all others were acceptable. Among synthetic rubbers, a swell-
ing of GR-S was conspicuous, and neoprene showed bad 011 resistance
while the HATKA group was the best.

(f) Among paint films, poiyulethane resin paint and saran were supezior
followed by vinyl, which showed good zesults

Onr the other hand, phenol resins and epoxy resins wh1ch have - generally
been used as oil-proof paints were not good and proved to be ‘unacceptable
in severe conditions like the cargo oil tank. Zinc rich’ pa1nt also disp-
layed many changes in the properties of the paint film under conditions
of alternate loadings of o¢il and sea water Coal tar enamel also display-
ed a slight lack of o0il resistance. : o :

Tabié 4.6.11 shows the zesults, in which teqt pleces were. set 1n51de “the
cargo oil tank, as carried out by Sakae et al. The corrosion : rate -was
measured and read]usted according to serv1ce condltlons 1n the oil tank.

The Japan Committee of Trial :Design of- ngh Economy Tankers, ‘No. 3 Subcom-
mittee (HET-S3) determined the standard rate of corrosion of a tanker as
indicated in Table 4.6. 12 {(based on Tahle 4. 6. 11) The rate of .corrosion
of these parts are two to three times as fast as that of other parts The
cause may be considered to be as. follows

(a) The crude 0il includes impurities such as inorganic sulfide and orga-
nic sulfide like thiophene, mercaptan, etc:, and also includes -brine
in the oil fields, causing local corfosion : : '

(b} Operating practices such as the loadlng of Sea water ballast during
the voyage from Japan, and crude 0i] on the return voyage,’ leads -to
large scale corrosion during the ballast loading. In the: case = of
heavy petroletum ot heavy oil, when the tank is emptied an oil film
remains on the steel surfaces,  which prevents corros1on but in- . the
case of gasoline and other light oils loading, they -dissolve the
remaining oil film on the steel bulkheads, leaving a clean surface
exposed to the atmosphere after the gasollne adhéring to: the bulkhead
surfaces has evaporated. This causes very rapxd corr051on when sed
water ballast is loaded. - :

The cleaning method called Butterworth Wthh uses warm sea 'water,

accelerates corrosion due to an action similar to’ that above A clean
cargo of gasoline or light oil generally cauqes far greater corrosion
than a dirty cargo of heavy oil.



Table 4. 6. 11: Rates of Corrosion of Cargo 0il. Tank
(Readjusted by Service Conditions)

'Sérﬁicé Conditions of Tank Corrosié; Raté-(mm/yr)u}
-In Ciéan ﬁéliast'ﬁatef\h} ')“ﬁ;ja ]
Iﬁ'Dirty Ballaét'Water | 0.3

After Ballast is Emptfed 0.3

After Crude i1 is Emptied 0.3

While Crude 0il is Loaded -0

%1, In the case that a clean cargo tank (gasoline,
_ light oil, etc.) is loaded with ballast sea water.
#2. In the case that a dirty cargo tank (heavy oil,
~.etc.) is loaded with ballast sea water.

Tablé 4. 6. 12: Standard Corrosion Rates of Tanker (HET-S3)

Kind of Ténks Standard.Cofrosion Rate (mm/yr)
_E;éluste Cargo'Oil Tgnk B 0.14
| Dlzty Ballast Tank _ 0.18

Clean Ballast Tank .31

Excjus;vg Ballast Tank | 0.71

(ﬁj'Tanks'_wh1ch have not carrled ballast sea water are exposed to the

direct rays. of - the sun during the day when they are empty, causing
- their temperature to .rise ‘to 70 °C or higher. This causes the
'1nternal water vapor, to réach a saturate point which condenses on the
cold bottom plates or the cool metal surfaces during the night. This
produces pitting by galvanic action since the condensed water is
:concentrated saltwater conta1n1ng strong electrolytes, and consequ-
ently - p1tt1ng corr0510n often occurs on the bottom plates, heating
coils, horlzontal relnfoxcements, etc

'“Table 4 6 13 1nd1cates an analyt1ca1 example of this condensation

which. showed strong acidity witha 0. 2% sulfur component (pit 1.5) in
addition to a ‘strong electrolyte content.

— B4 —



Table 4.6.13: Chemical Analyéis'of Condensate Vater in Tank (%)

’Fe Cu | Mg _ 8 | |
0.03343 0.04018 | 0.08175| 0.074
H,S0, Na ct [NaCl
0.227 1.2135 | 1.8714 3.0847
R Mt - |

4.6.3 Application to Subject Plant
(1) Corrosive [amage
The following is a summary of 4. 6 1 and 4. 6. 2:

1) Pitting corrosion oCCurs on’ copper alloy and carbon steel due to
hydrogen sulfide contained in crude oil.

2) While titanium shows very good corrosion resistance, stainless steel
is thought to cause stress corrosion cracking due to the action of
chloride.

3} Of all non-metals, epoxy, phenol, ceal tar and synthetic rubber
groups show heavy deterioration. - :

4) Heavy petroleum and heavy oil have retardlng effect against_ general
corrosion due to the cil films they form. :

5) When a free interface is formed by oil, corrosion in the gaSeouS phase
is greater than in the liquid phase.

The main structural materials of the subject plant are as shown in Table
4.6.14, and the materials coming into contact with oil leaked among then
are copper alloy, organic coating materials and stainless steel.

Here, the stainless steels are omitted from the object of .this  study
because the stress corrosion of stainless stéel is a common ~problem .of
plants using sea water, without particular reference to '0il pollutlon
When studying the effects on other materials based on the ‘above results,
firstly, copper allaoy is considered to be damaged by corr0510n due to the
presence of hydrogen sulfide

However since this oacurs in cases’ where the mater1als are’ 1ﬁ‘ contact
with oil for many hours, this result may not always be app11Cdble to " the
present case, that is, in such cases where the materials come into - con-
tact with sea water containing oitl components of 1, 000 mg/1 or less, only
for a limited time. If oil components are present in the sea water in
high concentrations and the contact is made for a long" t1me,'1t ig pos-
sible that corrosion damage will occur. L
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Also, €epoxy gxoup coating materials (Hempadur) which are used as coating
in the evaporation chamber in the 18, 000 m® plant, may cause deterio-
raonn in quality under tho same atmospher1c condltlons

In any Case, the technicai infdrmation so far obtained will make it pos-
sible  to estimate likely plant corrosion, but will be insufficient to
produce an adequate evaluation by itself alone. It will be necessary to
conduct systematlc investigation and research hereaftex

@ Other Damagé'(Erosion, etc.)

When a mixing of oil is considered, it is necessary to study erosion
besides - clectrochemlcai corrosion damage shown in (1). In this case, a
study of’ cav1tat10n erosion is not necessary, but erosion caused mainly
by wear by sands mixed with oil or fine tar balls which have not been
removed by the screens, will become the subject of further studies.

However, flne ‘sands should not be the cause of erosion in the plant since
they can be removed by the strainer installed in the intake pump, but
there may be some influences. such as an 1ncrease in the frequency of
strainer cleanlng due to clogging.

- M3



Table 4.6.14: Stfﬁctural Plant Materials

Plant Capacity _ 18,000 m¥/d 22, 500 m/d
Manufacturer | Iﬁi-' | | N SIDEM
Main Shell Material o s . E. 24
Protective Coating Hempadur F 492 ANKIOL :
Special Protective Stages 1-2:CuNi. | Deaerator: SSBlbL
Lining Clad . 1 N
High Temp Water Boxes CS + 90/10 clad ';Cu{Al A20.
Low Temp Water Boxes . €S + 90/10 clad | Cu. Al A20
Rejection Section Water Boxes [ CS + 90/10 clad. Cu. A1 A20
Tubes . S
Heat Input Section - 178/30 _ 1 70/30.
Heat Recovery Stages - High Temp | 70/30 70/30
. - Low Temp | Al Brass | A1 Brass 22 A 12
Heat Rejection Stages 70/30 70/30
Ejector Condenser . Ti Ti
Tube Sheets RNB | CuNi 70/30
Tube Support Plants €3 S
LDemlster _ 55 SS
Pipework - Sea Water Supply Bomna - | Bonna
Pipework - Sea Water Feed SS 316L Coated DCI
Brine Recycle - High Temp |CS + 10/10 clad | (CS + ANKIOL
- Low Temp CS + Epoxy {+ Ankiol
Diatillate SS - 304 ' SS - 316L
Vents 1SS - 304 S5 - 304
Sea Water Supply Headers | Bonna | Bonna
Main Vessel Support Structure Steel o Steel .
Remarks: CS: Carbon Steel oSS Stainless Steel

RNB:  Rolled Naval Brass (DI + C: Ductile Cast Cément-Lined
70/30: CuNi 66/30/2/2 '
90/10: CuNi
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