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I. INTRODUCTION:
THE PROBLEM OF TUBERCULATION IN WATER ENGINEERING.

The changes that occur and the types of deposits that form inside the
water mains and reservoirs are diverse ; and the nature of investigation and
the method of treatment will depend on the change in the character of water
or the nature of deposit which may have been observed. ‘ Slimy ferruginous
streamers ’, ‘ forruginous tuberecles ’, the ‘ spongy disease of iron ’, and ‘ cala-
mity growth ’ or the * Brunnen-pest * as it is better known on the continent,
are the commonly met with obstructions in service pipes and storage
reservoirs, the result being the efficiency of their service suffers considerably.
But the phenomenon of tuberculation is of more common occurrence and is
perhaps one of the greatest difficulties that confront the water works engineer,
In recent years, with the increasing usage of east iron pipes—-by reason of
their many advantages over other types of pipes—the problem has become
increasingly acute.

The formation of nodular excrescences or tubercular incrustations on the
innerside of pipes is known as tuberculation, These nodules or tubercles
make their appearance very shortly after the installation of the pipes, and
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they begin as minute dotted projections of a roughly limpet shape. They
grow by the accretion of concentric layers and ultimately coulesce to give
a layer up to one and a half inches thick or even more (Fig. 1).

Fig. 1. A tubercle (about 11 years old).

Reduction of carrying capacity and consequent difficulties.—As tuberculation
setq in, the interior surface of the pipe naturally becomes roughened and a con-
sidorable amount of ineffective velocity is developed. Evenanisolated tubercle
is often as bad as a number of them grouped together. Sometimes it may be
even worse. Scobey (1930) observed that an occasional obstruction has greater
effect on the pipe flow than might be expecied from the continued effect of a
number of obstructions ; and the obstructions such as rivet heads, plate offsets,
blisters, tubercles, ete., have a much greater influence than would appear to the
naked eye. Clark (1930) calculated that a nodulation under certain rates of
flow might be considered to reduce the availabla effective or working area of a
pipe to five times the height of the nodule, i.e., a4 reduction of 6 per cent in
area by nodulation reduces the effoctive area by at least 44 per cent and the
carrying capacity by approzimately 5( per cent,

The tubercles grow steadily, and ultimately coalesce, Finally, the pipes
suffer considerahle diminution in the diameter of the bore and the tubercles,
therefore, cause considerable loss by offectively reducing their carrying
capacity.
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TarLE 1.

The progressive rate of reduction of carrying capacity of pipes {the coefficient of discharge ¢
due 1o tuberculation in course of time. (Hazen and Willinms, 19233.)*

No. of years in which the coefficient
¢ gets reduced from 130 to 60
i

Size of pipe {in inches) -
Coefficient ¢

130 120 100 80 60

No, of years required

4 n 4 13 26 45
5 0 4 14 28 50
6 0 4 13 30 it
8 ¢ 5 16 33 62
12 G 5 17 37 4
18 0 5 18 40 .
24 0 5 19 42 "
30 0 6 12 43 "

* Hazen and Williams have derived a formula, known az the Hazen and Williams'
Formule {Angus, 1931), from the results of their extensive studies of the flow of water in
pipes and chanrnels used in water works service. The formuls is

v = 1-319 or 6356 = 1-310 cr 19504, /7¢
where ¥ = valocity, ¢ = coefficient of index of the smoothness of the interior of the pipe
surface, r = circumferencefarea, and § = sine of the slope.

This formula is the most commonly accepted one for calenlating discharge from cast
iron pipes.

Thus, given the age of a pipe and its diameter, from the foregoing table
the reduction of its carrying capacity may be approximately reckoned. In
practice, however, a higher loss in capacity is observed. Haydock (1924,
1935), White (1932), Downer (1933), Sherman (1934) and others have recorded
a greater reduction for relatively shorter periods. Particular mention may
be made, in this conneetion, of the report of the committee on the pipe line
friction coefficients of the New England Water Works Association (1935) which
concludes that the average loss in capacity of an iron pipe after 30 years of
service is considerably higher than that predicted in the Hazen-Williams
tables {loc. ¢it.). The author’s experiencos with the Trivandrum Water Works,
the Madras Water Works and the Bangalore Water Works (South India) show
that a still higher loss in capacity is effected after a relatively short period
of service, He has examined specimens of pipes which are 35 to 40 years old
in which the tubercles have so thoroughly choked the pipe that one end of the
pipe could not be seen from the other end. These pipes had, of course, to be
discarded {Figs. 2 and 3).
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Fi1g. 2. Pipes which have been in service for about 40 ycars are taken out and
discarded becaunse of tuberculation.

Fie. 3. One of the pipes in the above pipe line showing the tuberculated condition—
practically choked with the result that the other end cannotf be seen.

From the foregoing and other observations, it becomes clear that, in
addition te causing a considerable diminution in the bore of the pipe and
consequently affecting the accuracy of meters, tuberculation produces a soften-
ing effect on the iron and makes this material still more susceptible to the forces
of disintegration,

The economic loss resullting from tuberculation.-—A conservative estimate
would indeed show that the annual loss to the world through repairs, replace-
ments and loss of energy would amount to several millions pound sterling.
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The deterioration by tuberculation of cast iron water mains of the Sydney
Motropolitan Water and Sewage Board {1932) has resulted in an annual loss of
£225,000 and heavy maintenance coasts. The expenses incurred by the
Bangalore Water Works for 1933 for replacing a large quantity of 1} inches
and 2 inches G. I. pipos and C.I. pipes service, and for reconditioning of the
roads incidentally cut open, amount to Re.95,000. Lehr (1929), Baylis (1930)
and others have also dealt with the economic aspect of the problem,

The vast economic loss resulting from tuberculation has, therefare, led to
extensive investigation of its cause and, more particularly, of practical methods
for its prevention. In spite of this, the available scientific information re-
garding the causation and development of tubercles is comparatively meagre,

Theories regarding the origin of tubercles,—Brown (1903-4) found that
while some of the nodular incrustations contained iron bacteria like Gallionella
and Spirophyllum, many other specimens were free from every trace of life.
Casagrandi (1913) on the strength of his own observatjons came to the conclu-
sion that iron bacteria do not exert any apparent influence on the formation
of tubercles. Subsequent workers like Binaghi (1813), Sette {1932) and
Sherman (loc. cif.) are alse inclined to think that the formation of tubercles
is a purely chemical phenomenon,

As contrasted with the above, Schorler (1904) postulated that ferruginous
organisms must be held responsible for a large part of incrustations that appear
in conduit pipes and reported that Gollionells is & causative organism. Most
of the later workers, Moesz (1930, 1931), Reddick and Linderman (1931),
Herrmann (1932), Hammond and Goffey (1932), Naumann (1933), Downer
(1933) and others have supported Schorler’s views and have recorded that
tuberculation is due to the activities of iron bacteria like Leplothriz, Gallionelln
and Spirephyllum. These workers, especially Reddick and Linderman and
Downer, baso their conclusions largely on mere observation of certain simi-
larity between the composition of tubercles in water pipes and that of bog ores.

It may thus be seen that conflicting views are held with regard to the mode
of origin and development of tubercles. In the first place, there is no general
agreement that the iron of the tubercle comes entirely from the pipe, for some
workers hold that the surrounding water also supplied its contribution of iron.
Again, while some maintain that the formation of tubercles is purely a physical
and chemical phenomenon, others adduce facts to show that iron bacteria
influence the formation.

It is obvious, therefore, that the mechanism of formation of tubercles has
not been systematically worked out, with a view-to offering a complete explana-
tion of their formation under all circumstances, and to suggest preventive
methods based on more scientific data. There is & great need, therefore, for a
systematic inquiry into the problem and to investigate methods of preventing,
or at any rate reducing to a minimum, losses threugh tuberculation.

The present papsr relates to a detailed investigation of the problem with
particular reference to the Trivandrum Water Works with which the author
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hag been intimately connected ever since the time of installation of the pipes
for water distribution. The observations made on the occurrence, composi-
tion and structure of tubercles ; the experiments carried out over a period of
four years on the mode of formation of tubercles ; the réle of bacteria in the
process of tuberculation ; and the results of experiments on the prevention of
suberculation—these and related subjects have been discussed in the present
communication.

II. ORSERVATIONS OX THE OQCURRENCE, COMPOSITION AN STRUCTURE OF
TUBERCLES IN THE SERVICE MAINS AND DISTRIBUTION PTFES,

The following observations rolate to the Trivandrum Water Works which
were opetied in December 1933,  All the mains and distribution pipes having
been previously properly cleaned and brushed out and well protected from
contamination during the laying process, and further sterilised in the usual
manner, started working from the 11th of December. The distribution system
was put to regular service and it began to draw at the rate of three to five
million gallons of water per day for the public of Trivandrum,

Occurrence of Tubercles.—In April 1934, while flushing the mains in a
certain part of the distribution system, one of the scour valves was found for
the first timo to discharge water of a reddish-brown colour, which is generally
known as ‘red water *.  An investigation of the whole distribution system and
all the filter units was thorefore undertaken. A few of ihe strainer tubes,
header pipes and ordinary pipes taken out on the next day from the filter units
and distribution system showed that tuberecles were forming or just formed,
In some pipes, particularly in some of the strainer tubes and header pipes
exposed, tuberculation was just setting in, These tubercles looked like blisters
in shape and appearance, having a height of about 1", -They were found to
ba slightly more broad than high, and in some places they had become rather
confluent. It was also observed that they were spaced at irregular intervals of
two to three inches both ways in the case of smaller pipes. A moreimportant
observation made in regard to the distribution of tubercles in bigger pipes was
that the tubercles (which wers making their appearance) were practically
confined to the two sides of the pipe, the crown and the invert having very little
tuberculation.

With a view to studying the nature and extent of tuberculation in the
whole distribution system and also finding out the relation between the process
of tuberculation on the pipe surface and the surrounding water in the pipe,
a detailed progrumme for systematically cutting out the pipes under aseptic
conditions (without causing any traffic difficulties or any public nuisance),
was chalked out. Chemical and bacteriological examination of the water
flowing through these pipes was also carried out every day. For sampling
purposes, the different parts of the water system were significantly chosen
with a view to study the influence of different conditions in the same pipe
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system, namely the effect of raw water, chemically treated water and finally
purified water on the formation of tubercles (Fig. 4).

¥i¢. 4. A handy specimen of a tuberculated pipe cut out from the Trivandrum water dis-
tribution system. The pipe belonged to the town distribution system snd was earrying
purified and chlorinated water. The pipe wes in service for about 18 months.

Classification and comparative description of the different types of
tubercles collected from the entire pipe system.

Classification of the tubercles.—The tubercles collected may be classified
into three types : (1) those collected from the mains earrying raw water, (2) from
the pipes containing treated water and (3} from the town distribution system
containing deinking water. Although the age of the tubercles was practically
the samo in all the cases, they showed considerable individual variations,
Bpeaking generally, the extent of tuberculation in the different sections may
be plaved in the following order : (i) mains in the distribution system carrying
the finally purified water, (ii) pipes containing the treated water and (iii) those
convoying raw water.

Comparative description of the tubercles.—The tubercles from the distribu-
tion mains were tho biggest (average 1” at the base and §” in height). They
were of a reddish-brown colour and of an earthy odour. The pipes containing
treated water had smaller tubercles which were dull brown in colour and had
a damp, earthy smell. The tubercles in raw water pipes were the smallest.
They were dark brown or black, and the odour was almost like that of the back-
water sludge. These physical differences of the tubercles would indicate that
treatment and purification of water accelerate the process of tuberculation
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to some extent. Tt is possible, however, that the natural equilibrium of raw
water may have been disturbed by the chemical treatment and made aggressive
in a manner to facilitate the process of nodulation ; and this is especially so
in the case of soft water.

The general characteristics of these lubercles.—In all other respects the
different sets of tubercles were alike. They had more or less the same type of
appearance, having a flat hbottom and a more or less conical shape ; and they
appeared as though they had grown from the inside of the pipes. Notwith-
standing the varying shades of colour they had (from pale to deep dark brown)
when freshiy taken out, all of them, on drying, changed to deep red brown
of ferric oxide. When examined longitudinally, it was found that oach
tubercle was made up of black and brown layers and the Ilatter, which
were thicker, contained ferric iron, while the former which oceurred in thin
layers contained either forrous or ferroso-ferric iron, Taken as a whole, the
tubercles had magnetic properties ; on closer examination, it was found that
thereddish layer (Fe,0;) was not magnetic, while the blackish layer (Fe,0,) was
highly magneiic,

Chemical analysis ' of the three differeni types of tubercles.
The results of the analysis of the three types of tubercles are given in

Tables 11, 1IT and IV respectively.

Tarte II.

Chemical composition of bubercles® in the pipes currying raw river waler which has
been treated with Lime and allowed to settle for about 12 howrs.
{Percentage on dry weight.)

= = | & % = | =
o U3 ——
12| % = 2 2 2 =
2 = T o Py i = =t o o
ElZ B2 s 2] 71 S1% < & g g
5|12 ¢ | 8| & | E | g1 2] & e | 5 | 8
e |2 | E| £ 2 @ 2 z g 2 2 3 2
TR T TS - T S B - - O = | 2
Elgls| s E 28| 5|8 FE |
a |3lal &)< |81 & |2 |8 |28 |8 | &%
I |92|67| 679 62 66 | OF 06 1-8 jtraces| 0-09 | I-21 | 295
II 87| 64| MW7 8-0 59 0-3 0-2 Q-0 {traces| (-11 1-22 34-9
IIT 93 | 82| 720 75 39 02 0-2 06 ltraces| 008 | 1-06 | 376
v g8 741 715 8-8 4-3 0.3 04 0-8 t{iraces| 0-10 1'15 } 332
vV |90|78 | 698 77 46 | 02 3 1'1 ftraces| 0-07 | 1-09 | 34-1
VI 85|73 689 689 52 01 Q-5 I'3 jtracea| 0-06 I-0. 326

* Collected from six different parts in the 307 gravitation mein conveying raw river
water {but lime treated and settled) from the settling tank at the Aruvikara river side
to the Trivandrum filter house, s distance of aboat eight miles.

1 Methods for the estimation of most of the consiituents were the same as prescribed
by the A.0.A.C. (1930).
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TapLe I11.

Chemical composition of tubercles® in the mains at the filter house conlaining purified water.
{Percentage on dry weight.)

- —_ i _ _—
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*I. Collected from the northern dead end of the main containing filtered and
chlorinated water, washing the filter units.
II. Collected from the southern dead end of the main containing the same water.
III, IV and V. Collected at random,

TasLE IV.

Chemical compogition of tubercles® from the distribution system.
(Percentage on dry weight.)
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IiI 117 24 | 660 | 127 34 03 | 07|07 [traces| 0151 2-20 39
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VI 123 3-8 | 69-1 | 107} 35 04 | 05|06 |traces| 0-10 | 280 ] 152
VII 9-8 29| 706 | 1104 33 0-3 |07 |08 |traces| 18 | 3-0 14-8
VIII 16-3 35| 700 10:6 2-8 03 |06 | 0T |traces| 0-17 | 34 i6-4

* Collectod from eight different parts in the distribution system of the town aupply.

It may be observed from tables II, III and IV that the tubercles—at
any rate those in the same pipe system—have & more or less similar compo-
sition, except in the case of those present in that part of the distribution system
containing the finally purified water where the percentage of ferrous iren
is low and is much less than that in the tubercles present in the other parts
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of the water system. This is due to the more rapid rate of oxidation of the
ferrous iron of the tubercles formed in that part of the water systom. Iron
in the ferric condition is the chicf constituent, while aluminium, ferrous iron,
silica, calcium, magnesium, manganese and phosphorus are present in smalier
proportions, Organic carbon and nitrogen are also present in smaller
quantities,

F1o. 5. Agar slant culture, Fra. 6. Under the microscope : magnification
about 1,200,

Pure culture of the new species of Pseudomanas geeurring in the tizbercles.
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BACTERIOLOGICAL EXAMINATION OF TUBERCLES,

With a view to isolating and studying the mieroorganisms, if any, present
in the tubercles, several media like nutrient agar, minerzl medium, Van
Debden’s medium, wort agar, 8ilt medium, specific media for iron bacteria
and various othor synthetic media were tried. Theexamination of the tuberclos
did not reveal the presence of any of the betier known iron bacteria such as
Leptothriz, Gallionella, Spirophyllum, Cladothriz and Crenothriz. The only
form of life invariably encountcred in all the tubercles was a lower form of
fluorescent baciilus belonging to the genus Pseudomonas which can easily be
isclated from the tubercles using the nutrient agar mediom of pH 68, Thix
organism has been completely characterized according to the methods of the
committee on the pure culture study of bacteria (1930) and Bergey (1930},
and it has been found to be a new species (Winogradsky, 1888 ; Molisch, 1892,
1910 ; Rullmann, 1912 ; Mumford, 1813 ; and Ellis, 1919}, The pure culture
studies on this organism aro described below (Figs. 5 and 6).

Description of the new species of Pseudomonas.—
Rods: I'3 by 16 to 1'6 by 1'9 microns ; occurring singles ; Gram negative ;
and not motile,
Gelatin Stab : No liquefaction ; granular growth inside and surface also.
Agar slant : Luxuriant growth ; faintly bluish.
Broth : Very cloudy ; turbid.
Milk . Peptounization only,
Potalo 1 Good growth ; slimy, whitish,
Indol not formed,
Nitrales and Nitrites : No reduction.
Sugars . No change in lactose, glucose, levulose, sucrose, duleite, inulin,
mannite. There was growth in these.
Aerobic: facultative.
Optimum temperature  30°C,
Habitat : Isolated from the tubercles; it was isolated from the water
passing the tuberculated pipes also.
The bacterium is tentatively named Pseudomonas ferrugincum {Pillai},

Chemicel anelysis® of water flowing through tuberculated pipes.—The
results are given in Table V.

! Examination of water was earried out according to the standard methods recomn-
mended by the American Public Health Assaciation {1933}
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Tt may be seen from the foregoing table that the composition of the filtered
water has not been adversely affected by the tuberculated condition of the
pipes. There was a slight increase, however, in the iron content which waa
even higher than that in the original raw river water. This would suggest
that (1) a part of the iron of the pipe had passed into the filtered water, and (2}
the iron of the tubercle was not derived from the water passing through it,
but from the pipe itzelf.

It is difficult to state whether the slight inereage in the quantity of iron
i3 inimical to public health. Tt is known, however, that more than traces of
iron cause constipation and other disorders in those who habitually drink it.
This is particularly so when the water assumes the reddish tint that gives
rise to ‘red water . The water then acquires an inky taste and leaves & bad
stain on clothes when used for laundry purposes.

The increasing iron content of the water brings us to another problem,
viz,, the corrosion of the pipes during serviece. The extent of corrosion by
different waters and the influence of various factors such as dissolved oxygen,
carbon dioxide and chlorine have been studied by & number of workers. In
the present enquiry, the observations were confined to the relation of corrosion
to tuberculation of pipes.

Bacteriological examination of the waler.—~The results are given in Table
VL
TaprLr VI.

Bacteriological examination of raw water* and the waler passing through different
tuberculated pipes.

Nurnber of co- Number of co-

lonies on

lonies on

Acid and gas pro-
duction in lactose

Acid and gas pro-
duction in glucose

Sample nutrient agar nutrient agar N
per c.e, at 37°C. | per e.c. at 37°C. M(}'bf:&; E;O;I:)n;e hﬁfi‘::‘:g]r 5:0;";“;6
after 24 hours after 48 houra oW . .

1. 320 730 —0-1, -1, —5,| =01, —1, -85,
-+ 10, 4 20, + 50 410, +20, 450,

+ 100 + 100
2 280 660 —-01, —1, —5, =01, —1, 45
— 10, 320, 450, +1¢, 420, 450,

+100 +100
3 30 340 —-01, —1, —§,| —0L ~L, +5,
: —10, —20, 450, 410, 420, 4-50,

+100 + 100
4 20 230 —01, -1, —&,| —01, —1, —3&,
—10, —20, —50, | +10, +20, +50,

+100 +-100

* The same samples as were used for chemical examination,
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It may be observed that the guality of the water at different stages was
highly satisfactory. The total number of bacteria was comparatively small.
The absence of lactose fermenters from quantities up to 50 c.c. showed that
the water was quite safe for drinking purposes. It is of interest to note that
the organism which has been found to be present in the tubercles has also been
easily isolatod from samples 2, 3 and 4. It is present in water in very small
numbers only.

Exzamination of unused pipes. —Handy pleces of unused pipes were cut
and examined under the Greenough dissecting microscope, The examination
showed (1) the surface of the interior walls was rather rough, and (2) the protec-
tive coating of the tar or asphalt on the inside of the pipe was imperfect, <.¢.,
points of bareiron could bo made out. These two conditions possibly promote
corrosion of pipes and subsequent tuberculation. The chemical analysis of
the impurities in the pipe material is given in Table VII,

TavLe VII.

Chemical unalysiv of the impuritivs in the unused pipe which is of the
sewne brand s the wsed pipe.

Porcentage
Total carbon 360
Graphitie carbon 2.85
Combined carbon 073
Silica {8iCky) .. 2-30
Manganese {MnQsg) .. 050
Phosphorus (Pa(y) .. (30

Erxamination of tuberculaied pipes.—The examination of these under the
Greenough dissecting microscope revealed the conditions after corrosion and
tuberculation had sot in {Fig. 4). The following points may be of interest, :
{1) the tubercles were scattered on the inner surface chiefly at points where
the iron of the pipes was exposed due to imperfect coating or otherwise, and (2)
closer examination of the portion where a tubercle had developed revealed
that corrosion had taken place there. These would show that the necessary
iron for the formation of tubercles comes largely from the pipe itsolf.

ITI. THE ROLE OF THE ASSOCIATED ORGANISM (TENTATIVELY NAMED
PSEUDOMONAS FERRUGINEUM) IN THE FORMATION OF TUBERCLES,

From the foregoing studies, the following facts have emerged : (1) that
iron in the ferric condition is the chief constituent of the tubercle and comes
presumably from the pipe itself, and (2) that the tubercle is invariably asso-
ciatod with a lower form of fluorescent bacillus of the Pseudomonas type
(Pseudomonas ferrugineum) which is derived from the water. It may also be
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noted that both the inner surface of the pipe and the water in contact with
it are equally operative in the process of tuberculation.

A tubercle may, therefore, be defined as a well preserved mass of the
corrosion products of the pipe material combined with the contributions of the
surrounding water in the pipe. It is not clear, however, how these consti-
tuents become a compact, limpet-like structure and stand out so prominently
and persist in spite of & regular current of water.

With a view to throwing some light on this important point, some preli-
minary experiments were carried out with pieces of cast iron pipes, with and
withont & protective coating. It became clear that tubercles appoar at points
bare of the coating already exposed or where, as often happens, the protective
voating has been removed by the flow of water. A coating of tar or asphalt
does offer some protection but that would appear to be only temporary. Even
small points in the coating through which the jron is exposed are sufficient to
start rusting which will soon be fellowed by tuberculation. Rusty layers
do not, however, ussume any definite proportions. They can be and are often
partially flushed out by s vigorous stream of water. Tubercles, on the other

Experimental demonstration of the action of the agsociated organiam in the
formation of tubercles.

Fia. 7. B (containing 8 heavy culture of the new spevies of Pseudsmoenas) showing the
rapid formation of tubercles ; whereas the vontrol A (devoid of those organisms,
otherwise under same conditions) showing no tuberculation.
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hand, have definite conical or dome-like shapes and grow out prominently
and persist even when a strong current of water is flowing through the pipes.
This remarkable behaviour, as well a5 the ultimate production of the charac-
teristic structure and shape of the tubercle, it was thought, might bear some
relation to the occurrence of the organisin which flourishes in the rusty layers
of the tubercle.

With u view to throwing further light on these aspects of the problem,
the following experiments were carried out,

The actual behaviour of the organism in the lubercle.—(1) Pieces of cast
iron pipes were cut into convenient sizes and dropped into botiles (Fig. 7)
which were connected ; while one of these (A) contained distilled water
only, the other (B) contained an equal quantity of the same water and also a
heavy culture of the new organism ; otherwise the condiiions (air supply, etc.)
were the same. The water in the bottles was continuously stirred by using
4 suction pump.

It was observed that tubercles soon appeared and developed in the
case of (B); whereas in the case of (A) the water turned brown and the iron
hydroxide in a colloidal condition was subjected to a continuous movement
due to Lhe stirring of the water, the pipe piece having a rather clear surface.
After a period of 5 to 6 weeks, the apparatus was dismantled and the pipe
pieces were taken out. The pipe in the bottle (A) containing no organism
showed no tuberculation at all, while the other pipe, i.e., bottle (B) containing
the organism showed heavy tuberculation,

(2} A more elaborate experiment was next carried out. An apparatus
was arranged, wherein the conditions have a nearer approach to those in a
regular water distribution system. There were three pairs of fairly large bottles,
each pair being placed at different levels and the two bottles being connected
by a glass tube containing alengitudinal section of small pipe ; and threc types
of water (waters of different composition) were made to flow in the three
different systems : A containing sterilised water only ; B containing ordinary
water and € containing sterilised water with a heavy culture of the new organ-
ism, The same water in each case was circulated again and again, taking
all the necessary precautions,

After a few days it was observed that in the case of 4, although there was
intensive rusting of iron, there was absolutely no tuberculation. Theinscluble
iron oxide used to aceumulate in the bottle placed at the lower level. In the
ease of B, on the pipe surface, blisters and vesiculations first oecurred and
small tubercles were slowly developed ; while in the case of €, tuberculation
set in rapidly and the entire surface became studded with tubercles of & much
larger size than in the system B. Since the water in all these cases was found to
be rather stagnant after a period of 10 to 12 weeks, the apparatus was dis-
mantled. The tubercles from the B and C systems were carefully taken out and

“analysed chemically and bacteriologically and the results are shown in Table
VIII.
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TanLe VIIL.

Analysiz of the tubercles® prepared in the labaratory.
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* 1: Tuberclea from the system B,
II: Tubercles from the system C.

From the foregoing table, it will be clear that the chemical composition
of the two sets of tubercles is the same and they compare well with that of the
naturally occurring tubercles. But it was, however, observed that the quantity
of ferrous iron in the € tubercles iz about half of that present in the B
tubercles, Thisshows that the comparatively large number of the Psendomonas
bacillus present in the ' system facilitates the oxidation of ferrous iron by
the local concentration of oxygen and carbon dioxide.

Bacteriological examination of these two sets of tuboreles showed that,
in both these cases, the new organism was found to be present in large numbers,
but in the case of €' they were present in the largest numbers.

From the experiments described above, it may be concluded that the new
species of Pseudomonas {Pseudomonas ferrugineum) plays a definite part in
the formation of tubercles, From the very beginning of the changes that
happen to the iron of the pipe, this organism leaves the water and goes into
the flocculent mass of colloidal iron hydrexide and flourishes in the complex
with the result that the whole mass is stuck on to the surface of the pipe over
the corroded point or portion. The soft and spongy mass of iron oxide and the
accompanying constituents from the pipe and the water would have been
washed off with the current of water but for the entrance of these bacteria into
the mass of the cotrosion products and their further quick multiplication,
thereby providing an extremely sticky or mucilaginous material of their bodies ;
and the inevitable result being, the rusty layers at the corroded point are
effectively retained to develop inte a nodular structure which tenacicusly
attaches itself to the pipe. In other words, these bacteria form an effective
cementing material for considerably strengthening the different constituents of
the tubercle and, at the same time, they actively multiply inside the soft and
spongy masses of iron oxide in the same manner as the Radicicole bacteria
multiply in the root system of leguminous plants and give rise to nodules,
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In addition to the cementing funetion and the function of contributing the
characteristic form and shape of the tubercles, these bacteria promote the
oxidation of the ferrous iron surrounding them by the local concentration of
their metabolic products, particularly carbon dioxide and oxygen which
also facilitate further corrosion of iron.

IV. THE MECHANISM OF TURERCULATION.

From the above ohservations, it becomes clear that tuberculation is, to
start with, a fundamental phenomenon of corrosion of iron, the chief material
of the pipe, and subsaquently it is subjected to the influence of the activities
of the bacterium already described.

The principal changes that the iron of the pipe undergoes prior to tubercula-
tion.—The water, carrving oxygen, carbon dioxide, chlorides and other im-
portant corrosive elements attacks the exposed iron of the pipe, and the
principal changes the iron undergoes thereby may broadly be outlined as
follows :—

The water in the pipe carries oxygen which attacks the iron of the pipe
as it gets exposed and ferrous hydroxide is formed.

Fe+2 H,0—+Fe (OH);+-H, .. (D

The ferrous hydroxide will not, under ordinary circumstances, be precipitated

as such, being comparatively soluble ; but it soon combines with further oxygen
vielding ferrie hydroxide,

4 Fe (0H)y+ 0,2 (Fe,0,. Hy034+2 H,O R 3]

The ferric hydroxide first appears in colloidal solution, but is finally pre-
cipitated at appreciable distance from the metallic surface and this mass
would have been carried away by the flowing water but for the presence of
the bacteria which holds this material on to the surface of the pipe.

Thus the first layer of ferrous hydroxide is oxidised to ferric hydroxide and
a fresh layer of ferrous hydroxide is formed at the bottom to get oxidised;
and as this process is going on, in between the yellowish brown or brownish
layers of ferrons and ferrie, a thinner layer of black ferroso-ferric oxide is also
formed.

Fe+42 FoO (OH)->Fe,0,+4-H, . .o (3)

Side by side with this proeess of oxidation, the iron in the pipe is also
attacked by carbon dioxide in the water, forming ferrous carbonate with
evolution of hydrogen.

Fe+H,0+ COy—>Fe COy4-H, .. o 4
By the absorption of more CO,, the ferrous carbonate is changed to the
hicarbonate.
Fe COy+ H,04-COy—Fe (HCO,), . .. ()
The bicarbonate is changed to ferrous hydroxide,
Fe (HCOy)p—>Fe (OH)y+2 COy .. )
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and by further oxidation of the ferrous hydroxide it is converted into ferric
hydroxide.

2 Fo (OH)y+2H,0->2 Fo (OH),+H, .. D

A large mass of ferric hydroxide is thus accumulated by the combined
action of oxygen and carbon dioxide on the iron of the pipe. The extraneous
elements such as alum and lime which are used for the chemical treatment of
the water, as also the natural constituents of the water, go to make up the
bulk of the tubercle,

The reaction of the waler bacteria, in general, to the above chemical changes
and the exact part played by the specific organism in the mechaniem of tubercula-
tion.—As the chemical changes are proceeding in the above manner, a few
species (which have also heen identified, but found to be the commeoner
types of water bacteria), together with the specific organism Pseudomonas
SJerrugineum, get cntangled in the rotted, spongy mass, consisting principally of
ferrous, ferroso-ferric and ferric hydroxides. The commoner types of water
bacteria, unable to thrive in such a medinm, steadily die out, while the specific
organism alone survives and flourishes ; and it multiplies and resides in each
tubercle.

The tubercle thus grows with the progressive accumulation of the corrosion
products in coneentric layers which are admirably preserved by the tenacious
attachment of thesc bacteria, thus making it a suitable medinm for its
existence.

The several layers of the tubercle which are placed one above the other
are sufficiently poroos, so that water containing oxygen and carbon dioxide
and also other corrosive elements have free access right to the very bottom
of the tubercle to attack a fresh portion of the iron in the pipe.

Theae various chemical and bacteriological processes start from the day
the pipe begins working and all these processes go on continuously until the
pipe is completely choked with tubercles and thus gets thoroughly uselesa.

V. A METHOD OF PREVENTION OF TUBERCULATION BASED ON THE STUDIES
OF THE PHYSIOLOGY OF THE SPECIFIC ORGANISM IN THE TUBERCLE.

A study of the various aspects of the problem of tubereulation, particularly
the significance of the specific organism in the formation of tubercles, gave a
clue to a method of treating the water so as to prevent tuberculation,

It was observed in the course of the studies on the formation of
tubercles that the specific organism is quite necessary for the continued exist-
ence of the tubercles in the pipe system—to give them the characteristic
form and shape, and hold them on to the pipe surface. This suggested that,
if, by any means, the continued attachment of these organisms to the cor-
rosion products conld be prevented, the prevention of tuberculation could be
achieved easily. It has, of course, always been borne in mind that the
quality of the drinking water should be maintained at any cost.
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Alteration of pH of the water and the consequent dissociation of the specific
organism from the tubercle.—In a series of laboratory experiments carried out
with water having different pH values ranging from 7-0 to 92, all the other
conditions for tuberculation having been kept the same, it was observed that
tuberculation was least with water having pH values between 88 to %2
Further cxperiments conducted with the specific organism showed that it
cannot flourish in a medium of pH of about 88, its optimum pH being
hetween 6:8-7-2,

Since the addition of calcium bydroxide to maintain the pH in the neigh-
hourhood of 9 was not found to impair the quality of water in any manner, it
was considered that this method of treatment of water for preventing the for-
mation of tubercles in the cast iron pipes could be applied to the Trivandrum
water distribution system,

Application of the above finding to the distribution system.—Pipes in the
distribution system were cut out under aseptic conditions, the tubercles in
them were scraped off, a further protective coating was applied, and then they
were laid out, The addition of ealcium hydroxide was well regulated to
maintain the pH of the water at about 90, Chemical and bacteriological
anulyses of water have been carried out every day and it has been consistently
observed that the quality of the drinking water was not impaired In any
way. From time to time, pipes from different parts of the distribution
system were also taken out for examination. It was observed on all such
occasions that tuberculation was almost negligible,

It may be pointed out that this method of treating the water not only
prevents the specific organism from growing in the corrosion products,
thereby avoiding tuberculation, but it also prevents corrosion of jiron to a
great extent, The lime treatment removes carbon dioxide by precipitating
bicarbonates as carbonates, supplies a useful material for the formation of a
further protective film on the pipe and also increases the pH of water. The
dosage of lime should not be excessive—otherwise the water will be caustie
and excessive deposits will collect in the pipes—but should be adjusted
aceording to the alkalinity and pH at which corrosion will be least.

Soda ash also increases the pH value of water and may be used to pre-
cipitate calcium carbonate in water having a hardness greater than 50 p.p.m.
Lime is the best for soft waters, particularly for the one which the author
has been dealing with. It is also cheap and available in abundance. The pH
value required to reduce corrosion to the mnimum may be determined by
the marble test.,

This method of prevention of tuberculation has been adopted for the
last two vears and since then no formation of tubercles has heen recorded.

Although lime treatment helps to check tuberculation, there are yet certain
practical aspects which may require further investigation. Thus, it is not
clear as to how much of the extra lime has actually to be present during the
preliminary tank treatment. The changes in reaction during storage and
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distribution should be followed. It is probable that, owing to the presence of
dissolved carbon dioxide, the water becomes neutral even after short storage.

It will also be of some interest to follow the changes in the iron content of
the water, The corrosion of the pipe would have been reduced hy the
addition of extra lime and it may reasonably be expected that the water in the
distribution system would contain practically no iron in solution.

The present mothods of coating the inside of pipes, at any rate in India,
seom to be inadequate. The protective coat wears off after some time and
portions of the bare surface are exposed to the attack of water und the dis-
solved gases. Rusting begins first as scatfered pin-points and then spreads
rapidly. The points of rusting become the nuclei for the formation of tubercles.

A more effective method of eliminating tuberculation will be to improve
the inner coating of the pipes. Superficial coats, however good, are not likely
to bo permancnt, If, on the other hand, the protective material together with
some suitable vehicle can be impregnated into the pipes to some reasonable
depth; then the protection will be more or less permanent. Corrosion will not
appear and tuberculation will be prevented effectively.

Cast iron pipes are known to be fairly permeable. It is possible that
some improved system of impregnation can be devised and the pipes thus
permanently protected. The reaction of the water will then have no influence
on the pipes so that no special treatment will then be needed.

V1. SUMMARY AND CONCLUSIONS.

1. The process of tuberculation begins in the course of about three
months after the installation of the pipes for service.

2. Gonerally, the tubercles are not formed in any order. They oceur at
random, but in the bigger pipes thoy are practically confined to the two sides,
the crown and the invert having very little tuberculation,

3. The degree of tuberculation in the different systems may be placed in
tho following order : {i) mains in the distribution system carrying the finally
purified water, (it} pipes containing the treated water, and (iti) those conveying
the raw water., The troatment and purification of water scem Lo accclerate
the process of tuberculation.

4. The attack of dissolved gases and other corrosive clements takes
place where points of bare iron are exposed.

5. The present practice of dipping and coating the pipes with the pre-
toctive material appears te be defective. The desired surface finish is not
achieved, so that the necessity of devising improved methods ef impregnating
the pipes with protective material is stressed.

6. The tubercles collected from the particular system are more or less
similar in their chemical composition,

7. TIron in the ferric condition is the chief constituent, while aluminium,
silica, ferrous iron, calcium, magnesium, manganese and phosphorus are
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present in much smaller proportions ; organic carbon and nitrogen are also
present in small quantities,

8. The iron necessary for the formation of the tubercle appoars to come
mostly from the pipe itself, while the water passing through the pipe system
supplies the other constituents. Tt is more than likely that a large proportion
of the silica, phosphorus, manganese and carbon is derived from the pipe, for
cast iron contains these in appreciable quantities.

9. There is a slight but apparently progressive increase in the iron
content of the water as it passes through the pipe. This would suggest that
(@) iron from the pip> passes into solution in the water, and (b) the iron of the
tubsrele is not derived exclusively from the water, but mainly from the pipe
itself.

10. The tubercles examined contain none of the betier known iron
bacteria, but they are invariably associated with & lower form of fluorescent
bacillus of the Pseudomonas type which is derived from the water, The
bacterium has heon completely churacterized and found to be a new species.
It has been tentatively named Pseudomonas ferrugineum.

11. The most interesting feature about the now species of bacterium is
its ability o live and grow in rust.

12. The function of this organism in the formation of tubercles is as
follows—it gives to the tubercle the characteristic nodular appearance, the
necessary strength and compactness to withstand the current of water thus
enabling it to exist indefinitely in the pipe; it also facilitates oxidation of
ferrous iron to the ferric condition,

13. This bacterium is not autotrophic; but its reactions with various
sugars and a consideration of ifs morphological and physiclogical features
would indicate that it has not advanced much from jts parental form of the
atrict autotrophic type.

14¢. Tuborculation iz always preceded by corrosion of the principal
material of the pipe, namely iron. The dissolved oxygen, carbon dioxide
and other corrosive elements, such as chlorine, attack the iron of the pipe,
30 that the necessary iron for the construction of the tubercle comes almost
entirely from the pipe itself.

15. The subsequent transformation of the corrosion products in order to
form a tubercle is brought about by a spoacies of bacteria whick eccurs in
almost all waters. Its preecise action in the mechanism of tuberculation has
been studied and described.

16. The spacific organism, probably occupying a comparatively high
place in the scale of evolution of iron bactoria, adapts itself to tolerate a large
quantity of ofganic matter contained in its preferential medium of iron oxides.

17. A practical method for preventing the formation of tubercles in the
pipe system has boen described and recommended.

18. The method has been devised, taking advantage of the specificity of
the bacterium found in association with the tubercle and which, to a large
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extent, is responsible for the development of the tubercular structure out of the
corrosion products. Whereas the organism flourishes best at pH 68-7, it
finds it difficult to thrive as the pH is raised and finally, it fails to grow when
the pH of the medium is about 9.

19. Calcium hydroxide is recommended for maintaining the desired pH.
The several advantages of using lime from the bacterial and the hygienic
points of view, as also from a consideration of its usefulness in preventing
corrosion itself, are described.

The author wishes to express his grateful thanks to Dr. V. Subrahmanyan,
D.Se., F.I.C.,, F.N.I., Professor of Biochemistry, Indian Institute of Science,
Bangalore for his sustained interest in the work and valuable criticism. The
author is also indebted to Mr. C, Balakrishna Rao, B.A., B.E., Water Works
and Drainage Engineer to the Government of Travancore, Trivandrum for
supplying the samples required in connection with this investigation,
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