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FRICTIONAL RESISTANCE DUE TO MICROBIAL SLIMES

A NuMBER of cases have been reported in which watcr-carrying conduits have sulfered
from remarkable losses in delivery capacity within relatively short operation periods.
In one instance (SEIFERT ef al., 1950), the maximum capacity of a 24-in. (nominal
diameter), 50 mile long water supply line was réduced to about 55 per cent of its
original value within a few years. The loss was due to a thin, slimy layer that consisted
targely of organic material imbedded with fine clay particles and was not caused by a
substantial decrease in cffective internal diameter. The layer was characterized by a
“ripple-like” surface having an average height of 0.025 in. The results indicate that
this type of roughness could not be explained in terms of equivalent sand roughness
common to friction factor relationships.

The rippled surface structure seems to be an essential, but not the only, factor
involved in the unusual frictional behavior caused by microbial stimes. Experiments
using solid surfaces of similar pattern have shown a high frictional resistance, but not
nearly as high as those occurring in water mains,

BRAUER (1956) performed experiments on forim stability of the interior of asphalt-
tined pipes as a function of temperature of the flowing water. At higher {emperalures
the asphalt coating assumed a rippjed surface structure which was accompanied by an
unusual increase in frictional resis{ance. Braver explained the phenomenon as an
actual flow of the coating under the action of shear stresses resulting in a true two-
phase fluid fiow. Additional energy expended by the bulk liguid in dragging along the
asphalt lining accounts for much of the increased flow resistance. '

In water and wastewater, wetted surfaces are subject to an extensive biological
growth. Furthermore, small quantities of particulate maiter may be deposiied at the
conduit wall. The slime layer has quite different physical properties compared to the
original conduit material, including a much lower modulus of clasticity, and is more
likely to be deformed by external {orces.

The complicated nature of turbulent motion can be visualized by assuming that
fluid particles moving near the wall coalesce into lumps and travel bodily together
Tor a certain distance (SCHLICTING, 1960). If such a lump of fiuid coltides with the
leading part of a roughness element, the fluid changes ils direction and a momentum
exchange takes place. Any forced motion of the fluid particles in a direction transverse
to the flow corresponds to an increase in general turbulence. This phenomena causes
cnerpy losses in flow past rigid rough surfaces.

If the material constituting the roughness element has a low modulus of elasticity,
the force exerted on the roughness element by the fluid may be sufficient to causc a
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TABLE 1. CHEMICAL PROPERTIES OF ATTACHED MATERIAL ORTAINED FROM CLOSED CONDUITS EXPERIENCING
EXCESSIVE SLIME FRICEIONAL LOSSES

Poreard Hreugrirsiany  Minkos  Minkus  ARNOLD

{195%) (1959b) (1954) (1954) (1956}
Water ]7 95.4 85.6 90 95
Organics 2.5 3.25 L) 9 2.4
Minerals 10.5 1.35 P.7 8.1 2.6
Ammonia N {as per cenl minerals) 0.23
Si {as per cent minerals) 7.0 1.8 12.5
Fe {as per cent minerals) 18.5 19 1.4
Al {as per cent minerals) 7.5 39
Ca (as per cent minerals) 1.0 3.6
Mg (as per cent minerals) 2.5 32
Mn (as per cent minerals) 59.5 56.3 4.9
SO, (as per cent minerals)
pH 6.3
Specific gravity at 20°C 1.01

The 42-in. line was dosed with 50 mg I~* chlorine for 11 days and then flushed for
3 hat a flow velocily of 6 ft s=*. The treatment proved effective as exhibited by highly
colored and turbid water and capacity measurements shown below:

Belore After
chlorination  chlorination

Hazen-Williams coelficient 11! T3

Similar flushing without chlorination had produced a clear efffuent. Inspection of
the line after chlorination showed that treatment had not removed the film entirely,
Two years later, without further chlorination, the Hazen-Williams coefiicient equalled
102 ‘

POLLARD (1959) described a deposit in a hydraulic tunnel that had caused!increases
in power loss of 5 million XWh due to excessive hydraulic head losses m a power
conduit. The Santeetlah Hydroeleciric Plant (North Carolina) is supplied b¥ a closed
pressure conduit of 11 ft dia. and approximalely 4.5 miles long, consisting of
3 miles of concrete-lined tunnels and 1.5 miles of riveted steel pipe. '

When the plant was first placed in operation (1928), tests showed conduit friction
head losses to be 40.6 ft at 900 fi*> s~' flow. Inspection of the conduit 17 yr later
showed no structural damage to the concrete lining or the bitominous paint on the
steel pipe, however a rough, black deposit approximately & in. thick was found on the
concrete tunnel linings. The head loss at this time was 55 ft at 900 ft® s~ %, The deposit
was described as looking like a “dense layer of soot”. Chemical analysis of the material
is shown in TaBLE 1,

The residual organic matier in the slime was predominantly polysaccharide in
nature. The nitrogenous material had been almost completely utilized by saprophytic
microorganisms. The mineral matter consisted of entrapped rock fragments (silica
and aluminium) along with iron and manganese oxides adsorbed in the polysaccharide
material.
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Tante 2, DATA SUMMARY FROM CASE HISTORIES OF CLOSED CONDUITS EXPERFENCING EXCESSIVE
FRICTIONAL LOSSES DUE TO SLIMES

Minkus  Minkus  Poibare ARNOLD  WitperHOLD  Derpy

Refesence (1954} (1954) {1959 {1963) {1949} (1947}
Diameter {in.) 42 36 132 36 24 14
Length (milcs) 7 7 4.5 22 50 1.25
Surface Cement  Concrele  Concrete-steel Steel Steel Steel
Stime thickness (in.) - ¢ s i} pA™
Frictional head (ft) 150900 fi*s—?
Loss in capacily {as

% of design

capacity) 12(2ye) 23 16 (3 wk) 55(3 ye) 150Gy
Chemical added Chlorine* Lime Chlorine- Chlorire

ammonta

Chemical concentra-

tion {(mg 1°%) 50 20 0.7-0.2 9-12

* Accompanied by flushing at 6 Ft s~ 3,

CHEMICAL CONTROL OF SLIMES ]

The eflectiveness of a slimicide is usually determined by observing the reduction in
cell number with different concentrations of additive and different reaction times
(MUELLER, 1968; STUNDL, 1963). Determinations of this type are frequently carried
out in well-mixed, batch reactors and frequently omit adsorption of the chemical on
solids and reaction with other chemicals in the system. Conscquently, estimates
pertaining to the amount of chemical required are frequently low (CurTis, 1969;
FREEDMAN, 1967; STUNDL, 1963). Celt counts are usually made on non-specific culture
medium and all cells growing on the media are studied. This procedure is based on
three questionable assumptions: (1) all cells growing on the medivm are slime-forming
organisms, (2) slime producing organisms react to the chemical additive in the same
was as other organisms, and (3) organisms react to the additive in the same way in
attached or suspended form. ;

Neutralization of bacterial poisons by other substances may not be a [unction of
their concentration in the bulk fluid, but rather on their concentration at the bacterial
surfaces. Diffusion rates of bacterial inhibitors are decreased by increases in the
viscosity of the suspending fluid, a factor to which the capacily of bacteria to produce
and accumulate slime material makes an important contribution. The production of
slime layer material capable of reacting with a disinfectant, further reduces the
eflective concentration of the disinfectant (LAMANNA, 1965).

LAMANNA (1965) notes that increased resistance against chemical disinfection in the
presence of organic matter might on occasion be due to a process of dehydration.
Extensive hydration of organic matter could reduce the thermodynamic activity of
water (polysaccharides are highly hydrated organic molecules). Presumably such a
mechanism would be effective when a disinfectant functions by means of either
harmful hydrolysis or denaturation of proteins (e.g. hypochlorite). It is possible that
this type of mechanism could be at work in the altack of attached bacterial growth by
chlorine.
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Stimicides

Chlorine, in various forms is the most feasible substance for large scale use as a
slime control compound (CurTis, 196%; MUELLER, 1968; SanporN, 1944). Sodium
hypochlorite and chlorine gas are equally effective below breakpoint concentrations
with equal amounts of available chlorine (SerinGs, 1957). Because of its reactivily,
however, chlorine frequently is dissipated in side reactions reducing its disinfectant
power. Under such conditions, other bactericides become cconomically more
attractive,

Chlorine dioxide possesses 2.6 times the oxidizing power of chiorine. It oxidizes
without chlorination and destroys microorganisms by reaction with the cell structure
and by accelerating metabolism to the detriment of cell growth (LoveLy, 1966) or by
inhibiting protein synthesis (BENARDE ef al., 1967). CrAVENS (1966} claims that
ClO, cleans away slime particles to which inorganic residues attach on surfaces
of pipes and vats. In this way il removes the primary means of slime adhesion.
CHARACKLIS (1970} suggests a similar mechanism with regard to the effect of hypo-
chlorite on microbial slimes. ClO, has also been effective in control of iron bacteria
{P1aTEK, 1969).

Acrolein is effective as a broad spectrum bactericide and slimicide. Its effectiveness
is attributed to ifs reaction with protein sulfhydryl grovps (HereLg, 1968). It is

advantageous in waters with high chlorine demand because it does not react with -

most exidizable materials. In steel lines, it has a tendency to adsorb to the pipe wall
thereby decreasing its activity.

Other substances such as silver, copper, chlorinated phenols and quaternary
ammonium compounds have been psed with limited suceess as shimicides (CHAMBERS,
1966; MAGUIRE, 1956; MusLLER, 1968; Nasow, 1938). Frequently more than one
compound is needed and methods and frequency of feeding must be varied for each
situation (CHAMBERS, 1960).

MureLiLer and Litsky (1968) conducted experiments on a specific slime organism,
Sphaerotilus natans, in order to determine the amount of chemical required for con-

trol. The following chemicals were tested: |

Aclive ingredient

Clorox (Clorox Co., Oakland, Caltfornia) Sodium hypochlorite .
Chlorine Dioxide (prepared in kab.} Chlorine dioxide .
Busan Y0 {Becknian Lab,, Memphis, Tenn,)  2-Bromo-4-hydroxy-acetophenone
Skimacide V-10 (Vineland Chemical Sales Co,,

Vincland, N} Bis-1, 4-bromoacetoxy-2-bulene

The tests were conducied at 80°F. in distilled water and also in paper mill process
water using three different contact times, The results show the concentration of the
chemical needed for 100 per cent kill,

Distilled water Paper mill Process water
Time (min} 30 60 120 30 a0 120
Clorox (ppan) ] 6 5 5 4 4
Chlorine dioxide {(ppm) 9 G 5 1z 1t 1

Busan 90 {(ppn) 1010 9 16 15 14

" .
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At high levels of hypochlorite, formation of soluble products is evident (HULLINGER,
1963). Oxidation of starch pranules scems localized to some extent and once it has
begun on a certain portion of the carbohydrate molecule, it continues on that same
portion 1o produce a highly degraded acidic fragment.

Dypex (1972) presents incomplete data suggesting a shift in molecular weight of
microbial polysaccharides following hypochlorite addition. Conclusive data does
indicate a greater decrease in suspended solids (measured by filtration) for bacteria
with large amounts of capsular material indicating that hypochlorite solubilizes por-
tions of the microbial polysaccharide envelope.

The effect of hypochlorite on attached microbial growths in an experimental
apparatus has been atlributed to oxidation of biologically produced polymers in slime
which are subsequent]y released from the surface (CHARACKLIS, 1970). The bactericidal
nature of hypochlorite did not significanily influence the removal of slime as evidenced
by paralle} studies using mercuric ion as a sicrobial poison.

Role of microbial polymers

Chemical additives, slimicides, have been conceptually presumed to “disinfect” the
pipeline, i.e. the slime s “kifled” by the chemical, resulting in a decrease in frictional
resistance in the pipeline. Previous investigators suggested, however, that the hypo-
thesis of a dead slime may not be tenable (CurTis, 1969; MinKus, 1954; SANBORN,
1944; STunDL, 1963). The data from recent research suggest that hypochlorite reacts
with polysaccharide material in the stime causing direct release ol organic matter into
solution or indirect removal by fluid shear forces at surface irregularities formed by
the chemical reaction (CHARACKLSS, 1970).

Investigations by CHARACKLIS (1971) suggest that released polymers play a role in
the observed drag reduction following hypochlorite additions. PATTERSON ef al. (1969)
and many others describe the high drag reductions obtained through the addition of
small amounts (10-10,000 mg-1~*) of certain soluble polymers to the fluid. Kenis
{1968a, 1971) reports similar results for bacterial polysaccharide.

Polymer material injected into the boundary layer of turbulent pipe flow has a
tendency to decrease {rictional resistance (PATTERSON ef al., 1969; Seyer, 1966;
NICODEMO ef al., 1969). The slime material is certainly at or near the boundary layer
in flow of this nature, consequently the polymer being released by the slime could be
causing a drag reduction in the pipeline. ‘

Patterson describes a different approach to drag reduction involving the use of a
thin visco-elastic Jiquid Jayer injected near the wall to form an annular film around a
viscous flowing fluid. This technique has caused spectacular drag reduction in certain
applications. A similar process may be the continued refease of polymers from slime
Jayers in pipelines which occurs under conditions of high shear forces and low organic
carbon concentration (RENN, 1969). ’

ASTARITA (1965) has suggested that drag reduction by polymer solutions is caused
by visco-clasticity, The results lend support to interpretations based on the idea of
reduced encrgy dissipation rate in turbulent flow of visco-elastic liquids. SCHUSTER
(1971) has conducted rheological tests on actual biological slime and results indicate
an clastomertype material,

Krns (1968) also presented results clearly demonstrating that some suspended
bacteria can enbance the drag-reducing properties of the growth medium. Bacteria from
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