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InTRODUCTION

Biofouling in water conduits causes pronounced increases in fluid frictional
resistance. The resulting energy losses are of major concern to the water-supply
and power industries.

Biofouling is a general term referring to undesirable effects due to attachment
of microorganisms at liquid-solid interfaces. The microorganisms produce a
polysaccharide slime layer (3,6,8) that, when formed on the inside surface of
water conduits, increases frictional resistance in flow systems resulting in energy
losses or losses in pipeline capacity.

Deterioration of pipeline capacity attributed to biofilm development can be
substantial. Seifert and Kruger (14} report a 55% reduction of original capacity
in 2 50-mile (80-km) long water-supply pipeline with a 23.62-in. (600-mm) ID
due to 2 thin slimy layer approx 0.026 in. (650 pm) thick. Table 1 documents
other case histories of biofouling in water-supply lines (3).

Biofouling is not limited to microbial activity. The term includes the interaction
of the microorganisms and the slime layer with both the chemistry of the solid
surface and the bulk fluid. These interactions can enhance some of the more
commonly known fouling phenomena such as precipitation or crystallization
(scaling) and corrosion. In these latter cases, the wall layer attains a much
more rigid structure and the pronounced increase in frictional resistance can
be successfully explained by the increase in the equivalent sand roughness of
the pipe wall. In the case of microbial slime layers, the situation is more complex.
The thickness and morphology of the slime layers are functions of the operating
conditions. A change in operating conditions, such as an increase in wall shear
stress, can cause significant changes in the morphology and thickness of the
biofilm, thus changing the value of the equivalent sand roughness. In addition,
the viscoelastic nature of the slime layer and its filamentous morphology suggest
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that perhaps additional dissipation mechanisms contribute significantly to the
increased frictional resistance. Consequently, description of the biofilm effect
by a unique value of equivalent sand roughness may be inadequate over the
entire range of the operating conditions.

The purpose of this study is to explore some of these possibilities. This
paper will only be concerned with microbial slime layers and, therefore, the
term bigfouling will be used for microbial fouling and the term bigfilm for
the microbial slime layer.

ExpemimentaL METHODS

Only the salient features of the system employed are given herein. For additional
information, see Refs. 16 and 4.

The experimental system was designed so that important features of full-scale
operations can be simulated. Moreover, uniform biofilm attachment and spatially
uniform growth conditions were deemed desirable. These considerations led

TABLE 1.—Data Summary from Case Histories of Closed Conduits Experiencing
Frictional Losses due to Biofilms

Reduction
in Biofilm Conduit
design thickness, diameter, Conduit
flow in in length, in Conduit
capacity | micrometers | centimeters | kilometers surface Refarence
{1 (2) (3) {4) {5) {6)
12%in 2 yr 800 105 13 cement 9
2% 1,600 90 13 1 concrete 9
16% in 3
weeks 3,000 90 41 steel 1
5% in3yr 635 60 93 steel . 15 .
3.5%in 1l yr — - 36 25 steel 7

to the development and employment of three Tubular Fouling Reactors (TFR).
A detailed diagram of TFR3 is presented in Fig. 1. The TFR! and TFR?2 were
essentially similar, the major difference being the use of a fermenter within
the recycle loop. Other differences between these reactors were introduced
for research on aspects of biofouling other than the ones reported herein.
Basically, all three configurations provide a tubular reactor as part of a recycle
loop. Biofilm properties and pressure drop were measured in this tubular reactor,
The glass recycle loop was designed so that: (1) Water and substrate
requirements are minimized; (2) concentration gradients are minimized and the
biofilm is relatively uniform, which is accomplished by employing recycle flow
rates, F,, much larger than the volumetric feed flow rates, F; and (3) the wall
shear stress is independent of the mean residence time in the recycle reactor.
The recycle flow rate, F x, measured with a cumulative flow meter, is maintained
with a rotary serew pump, and the pressure drop, Ap, over a specified length
of glass pipe, L, is measured cither with an inclined or with a U-tube manometer.
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" In some of the experiments, the flow rate, F ., was kept constant during biofilm

growth while in others the wall shear stress @.e., pressure drop Ap) was maintained
constant. Pertinent dimensions and additional descriptive information for the
TFR are presented in Table 2,

For the purposes of measuring the film thickness, small glass sample tubes
0.5 in. (12.7 mm) ID and 1.97 in. (50 mm) in length are introduced as an integral
part of the tubular reactors. In TFR1 and TFR2 sample tubes are inserted
end-to-end in an acrylic plastic test section 3/4 in. (19 mm) ID and 29.9 in.
(‘{60 m.t_n) in length. The test section is connected to the recycle loop with
Pipe unions 1o provide easy aceess to the sample tubes. The TFR3 test section
Is similar, but the outer casing is made of stainless steel, is 39.37 in. (1,000

mm) long, and is connected with compression fittings. At designated intervals,
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FIG. 1.—Schematic Diagram of TFR3 Experimental System

a s§mple tube is removed from the reactor and a clean sample tube inserted
In its place. (The removal of the fouled sample tubes proceeds from the
fiownstream to the upstream end of the test section.) The fouled sample tube
is then drained to reduce excess water. Drainage time in the TFRI1 and TFR2
Systems is 10 min. Drainage time is reduced t0 2.5 min in the TFR3 system
because the film appeared to be drying around the end of the sample tube,
Biofilm volume is measured by determining its volumetric displacement as
outlined in detail in Ref. 16. Wet biofilm thickness is determined by dividing
biofily volume by the surface area of the sample tube. The measurements,
when performed with care, produce results with 110% margin of error. The
measured film thickness is a function of the drainage time and can be as much
altg 3§% larger for drainage times of 2.5 min than it is for drzinage-times of
min. -
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Frictional Resistance.—Increase in fluid frictional resistance due to biofilm
accumulation during constant flow-rate experiments (TFR1 and TFR2) causes
an increase in pressure drop and power requirements for pumping as shown

in Fig. 2 for a typical experiment.

Conversely, if pressure drop is held constant (TFR3), flow capacity is reduced.

TABLE 2.—Pertinent Dimensions of TFR

Dimensions TFR1 TFR2 TFR3
(1) {2) {3) ()
Liquid volume, in cubic centimeters 6,719 4,500 2,100
Wernted area, in square centimeters 10,750 7,600 3,470
Tube length, in centimeters 2,194 1,755 869
Inside tube diameter, in centimeters 1.27 1.27 1.27
Volumetric feed rate, in cubic centimeters 440 300 140
per minute (TFR3-1 1o
TFR3-4)
280
{TFR3-5 to
TFR3-16}
Mean hydraulic retention time, in minutes 15 15 15
i (TFR3-1 to
TFR3-5)
7.5
(TFR3-5 to
TFR3-16)
Test section _
length, in centimeters 76 16 100
inside diamcter, in centimeters 1.9 1.9 1.95
outside diameter, in centimeters 23 2.3 23
Sample tubes
nul:nber 14 42 2
length, in centimeters 5 5 5
inside area of tube wall, in square
centimeters 20 20 20
volume of tube wall, in cubic
centimeters 8.824 8.824 8.824
Length for AP, in centimeters 232 232 120

Fig. 3 shows a typical experimental curve in which flow capacity was reduced
10 42% of the original capacity in a 100-h laboratory experiment. o
Frictional resistance can be represented by a dimensionless friction factor

given by (12)
20 d AP
f=2 Lo #

in which f = friction factor; d = tube diameter; p,, = fluid density; v = average
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fluid velocity; AP = pressure drop along length L; and L = length between
pressure ports.

The change in friction factor with time for a TFR3-7 experiment is shown
inFig. 4; the measured biofilm thickness for the same experiment is also indicated.

The friction factor is related to the Reynolds number and the equivalent
sand roughness, k,, through the empirical Colebrook-White equation (12). This
equation provides good correlation for friction factor versus Reynolds number
for various “commercially rough’ pipes throughont the hydraulically smooth,
transition, and fully rough regimes. The Colebrook-White equation, solved for
the equivalent sand roughness, k,, yields

k=2 ( 10057 =0307-173 ,.E:’_".) ...................... @
S 2 Ry

in which d = tube diameter; R = #d/v = Reynolds number; ¥ = mean fluid
velocity; and v = kinematic viscosity. This expression can be used to compute
an equivalent sand roughness for the biofilm from a measurement of the flow
rate, R, and pressure drop, f.

g

Ty = 79 N/m?
*4  hifid ¥ =185 cm/sec

% Orignal
Recycle Flow Capacity

Pressure Drop,
aP (N/mt % 107%)
5

Initiol 1, » 6.8 N/m?
V * 50 emn/sec

E 4‘0 L [ ) L) )
Experimental Run Time (hr) Experimentsl Run Time (k)
FIG. 2.—Change in Pressure Drop with
Time for Experiment (TFR1-12) Con-
ducted at Constant Average Velocity

FIG. 3.—Change in Volumetric Flow
Rate in Recycle Tube with Time for
Experiment {TFR3-5) Conducted at Con-
stant Pressure Drop

In all TFR experiments, k, increases with time; Fig. 5 shows the progression
of k, with time for a typical experiment. Fig. 6 indicates the dependence of

107 psi~1.146 x 10~° psi (6.5 N/m™-7.9 N/m?)].
Determination of the flow regime (smooth, transitional, or fully rough) depends

on the magnitude of k, relative to the size of the viscous sublayer (3,); 3,
is given by (12) :

10d { £\~ |
5, = —ﬁ—(-i-) ............................... 3)

More specifically, when k, < 3, the pipe is considered hydraulically smooth;
when 143, > k, > 3, the flow is in the transitional regime; when k, > 143,,
the flow is in the fully rough regime (12).

In all TFR experiments (except TFR3-11, which cmployed a preroughened
tube), the flow regime, as determined from the preceding criteria, progresses
from hydraulically smooth to transitional or fully rough.
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© ANALYSIS

The results indicate that frictional resistance due to biofilm accumulation
¢can be substantial. The following mechanisms, which can contribute to this
pronounced mcrease in frictional resistance, have been considered: (1) Reduction
in available tube cross section due to biofilm accumulation; (2) change in fluid
viscosity due to presence of dissolved macromolecules generated by the biofilm;
(3) viscous dissipation within the biofilm due toits creeping flow in the downstream
direction; (4) viscous dissipation within the biofilm, due to its viscoelastic nature,
as a result of oscillations set up by the turbulent flow; (5) increased dissipation
in the fluid due to increased surface roughness as a result of biofilm accumulation;
and (6) increased dissipation in the fhuid due to presence of biofilm filaments.,

Pressare Drop due to Tube Constriction.—Constriction of the tube due to
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FIG. 4.—Change in Friction Factor and Biofilm Thickness with Time for Experiment
{TFR3-7} Conducted at Constant Pressure Drop S

biofilm accumulation cannot, alone, account for the increase in frictional
resistance as shown in Fig. 7. Fig. 7 indicates: (1) The increase in pressure
drop and biofilm thickness with time for a typical experiment (TFR1-12); and
(2) the increase in pressure drop for a decrease in radins equal to the measured
biofilm thickness as calculated from the Blasius equation for a smooth tube
(11):

. 0.316 _
iy @

()

Constriction of the tube accounts for an approximate 10% increase in pressare
drop whereas pressure drop due to biofilm accumulation increases approx 110%.
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Clearly, the effect of a reduction in tube diameter by biefilm accumulation
is minimal.

Fluid Viscosity.—Fluid viscosity did not change during 2 TFR experiment.
Fluid viscosity from TFR experiments under different conditions was measured

using a capillary viscometer. Fluid viscosity never varied more than 2.0% from
that of water.
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FIG. 5.—Change in Equivalent Sand Roughness with Time for Experiment {TFR3-5)
Conducted at Constant Pressure Drop
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FIG. 6.—Change in Calculated Equivalent Sand Roughness with Biofilm Thickness
for All Experiments Conducted at Constant Pressure Drop

Viscous Dissipation within Biofilm due to Iis Creeping Flow in Downstream
Direction.—Brauer (2) performed experiments on form stability of the interior
of asphalt-lined pipes as a function of temperature of the flowing water. At
higher temperatures, the asphalt coating assamed a rippled surface structure
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that was acompanied by an unusual increase in frictional resistance. Brauer
explained the phenomenon as an actual flow of the coating under the action
of shear stresses. Energy is dissipated by the asphalt being dragged along the
pipe surface.

Transport of biofilm in the TFR system seems an unlikely explanation for
the high frictional resistance in the fouled TFR system for the following reasons:
(1) The biofilm coating always appeared uniform throughout the system (biofilm
transport would require a steady supply of film or else the wall coating would
disappear); and (2) there was no evidence of an accumulation of biofilm in
pipe bends or other areas where film could collect (biofilm transport would
result in accumuiation of film as film flowed to the downstream end of a tube).

Viscous Dissipation within Biofilm due to Its Oscillatory Response to Turbulent-
Flow Excitation.—Rheological measurements performed on biofilm grown on

a. . -
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o . . L )
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FIG. 7.—Measured Pressure Drop Compared to Calculated Pressure Drop due to
Decrease in Tube Radius Equivalent to Biofilm Thickness (TFR1-12)

platens of a2 Weissenberg Rheogoniometer established the viscoelastic nature
of the biofilm (16). As a result of the relatively large viscous modulus (the
viscous modulus was larger than the elastic modulus at all frequencies tested
between 7 Hz and 12 Hz), the possibility exists that the biofilm draws energy
from the flow, such energy being eventually dissipated through viscous action.
The situation is quite complex and defies analysis, particularly since there is
2 nonlinear coupling between the structure of the turbulent flow and the biofilm
response. Since the total losses can quite satisfactorily be attributed to increased
film surface roughness, one can indirectly argue that any dissipation within
the biofilm is of secondary importance.

Increased Dissipation in Fluid due to Increased Surface Roughness as Result
of Biofilm Accumulation.—Frictional resistance of biofilms grown under constant
pressure drop (TFR3) have been compared to the frictional resistance of pipes

eI et 3

-

-
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with a rigid roughness as given by the Colebrook-White equation. The following
areindicated: (1) Frictional resistance due to biofilm shows a similar dependency
on Reynolds number as frictional resistance due to commercially rough pipe
surface; (2) frictional resistance is dependent on biofilm thickness; and (3)
frictional resistance does not increase above the hydraulically smooth pipe value
until a critical biofilm thickness is obtained.

The Blasius-Stanton or Moody diagram (10} can be used to compare frictional
resistance due to biofilm with frictional resistance of rigid rough surfaces. The
Blasius-Stanton diagram is a plot of friction factor versus Reynolds number
for a series of pipes with different equivalent sand roughness; the friction factor

in a pipe with a rigid rough surface depends on both the relative roughness
and the Reynolds number.
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FIG. 8.—Change in Friction Factor as Function of Reynolds Number and Roughness:
{a) Due to Biofilm Formation (TFR3-16); (b) At Different Stages of Biofilm Development
(TFR3-5)

The relationship between friction factor and Reynolds number for the fouled
TFR3 system is presented in Fig. 8(a). This figure shows the dependency of
friction factor on Reynolds number is the same as for a tube with a rigid rough
surface between the range of Reynolds numbers investigated (5,000-48,000).
These data were obtained by reducing in steps the shear stress from its initial
value in a given experiment and calculating friction factor and Reynolds number
at each step. Reduction, ratber than increase of the shear stress from the initial
condition, minimized sloughing of biofilm during an experiment.

Fig. 8(b) shows friction factor versus Reynolds number for a TFR3 experiment
at different stages of biofilm development; friction factor increases with biofilm
thickness. The relationship between biofilm thickness and friction factor for
all experiments at wall shear stress from 0.943 x 107psi~1.146 x 10~ psi
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(6.5 N/m’-7.9 N/m?%) is shown in Fig. 9(a); friction factor is dependent on
film thickness after a critical thickness (TH.,) approximately equal to the
thickness of the viscous sublayer is attained.

The critical film thickness corresponds to the stage of biofilm development
of which surface irregularities protrude through the viscous sublayer. Until this
stage, the roughness peaks are smaller than the viscous sublayer thickness (k,
< §,) and the friction factor does not increase (the tube is hydraulically smooth).
For a wall shear stress of 0.943 X 107 psi~1.146 x 107> psi (6.5 N/m>-7.9
N/m?) the viscous sublayer is approximately equal to 0.0016 in. (40 m); this
corresponds well with the observed TH,,, 0.0012 in.-0.0014 in. (30 pm-35 um)
for the same wall shear-stress range. This is shown in Fig. 9(5), which expands
the initial fouling stage of Fig. 9(a).

alr T

Tz 85-79 N/eit

Vv =183 ~ 185 cm/sec (Initial)

Friction Factor, f
3 8

o
8

o0
) T T T . T -
YISCOUS SUBLAYER
‘THIGKNESS
QoA 8[ -

cosf . . ]

Friction Factor, f
L 2

5 1 1
20 40 60 80 0o

Biofiim Thickness, Th (p-m)

FiG. 8.—Change in Friction Factor with Biofilm Thickness: (s) In Experiments Con-

ducted at Constant Pressure Drop; (b) For Constant Pressure-Drop System, Indicating
Viscous Sublayer Thickness

If the biofilm indeed increases the effective roughness of the tube wall, a
dependency of calculated equivalent sand roughness, k, on biofilm surface
morphology should be expected. It has been well established that different surface
roughness configurations having identical sizes of roughness peaks result in
different equivalent sand roughness (12). The results of this investigation suggest
that the equivalent sand roughness produced by the biofilm is of the order
of magnitude of the biofilm thickness. '

Indeed, Fig. 6 (k, versus biofilm thickness) shows that the equivalent sand
roughness is dependent on biofilm thickness for all TFR3 experiments at a
fluid shear stress of 0.943 x 10~ psi~1.146 X 107 psi (6.5 N/m*-7.9 N/m?).

)
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The data imply that the equivalent sand roughness of the biofilm can be greater
than the actual film thickness. Furthermore, scatter in the k, data cannot be
attributed to change in feed glucose flux or change in temperature (30° C to
35° C). The difficulty in determining the dependency of k, on biofilm thickness
may be due to one or all of the following reasons:

1. The biofilm thickness measurement is an average thickness measurement
and does not measure actual height of roughness peaks. The average biofilm
thickness could be less than any roughness peaks of the biofilm.

. 2. Drainage of the sample tube prior to the biofilm thickness measurement
may decrease the biofilm volume and thus decrease the biofilm thickness; the
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FIG. 10.—Comparison of Friction Factor Progression in Preroughened Tube {TFR3-11)
with That in Initially Smooth Tube {TFR3-6)

effective biofilm thickness may be greater with the sample tube in-situ and
the biofilm saturated with water.

3. As mentioned previously, the equivalent sand roughness depends on the
roughness peaks, but it is not numerically equal to their size. It is not unusual
for the equivalent sand roughness to be greater than the roughness peaks (12).

In turbulent flow in conduits with compliant boundaries the possibility exists
that when the Reynolds number exceeds a certain value, rippling of the compliant
boundary takes place accompanied by drastic changes in friction factor (13).
Such a phenomenon would manifest itself, according to the preceding analysis,
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as a significant change in the equivalent sand roughness for the biofilm. Such
transitions were not observed in our experiments for the range of Reynolds
numbers investigated. A single equivalent sand roughness was sufficient to
correlate the friction factor and the Reynolds number.

Although the frictional resistance effects of biofilm can be adequately described
by formulas suitable for rigid rough surfaces, the conclusion should not be
drawn that, indeed, the biofilm presents a rigid rough surface to the flow.
Such a notion is an oversimplification and cannot account for all experimental
observations, e.g., Fig. 10 compares two TFR3 experiments with identical
conditions except for the roughness of the inmer tube surface. The surface
of TFR3-6 is initially hydraulically smooth (k,/$, = 0.20) while for TFR3-11
the surface is initially fully rough (k,/8; = 36); the fully rough condition is
due to sand grains [average diameter of 0.0087 in. (00.22 mm)] immobilized

oo
SMOOTH TUBE ©
= o8l bl
£ ROUGH TURE @
z
S oost
e -
S [- - -] - L]
= 0.04b o E
2 &
|
2L oc2f & J
2
2 4
o . -
< ccopB oo 0@°° . Tw= 7.9 N/m?
. Initial ¥ = 5.9 ft/sec
e = °
- 1
002 = o

Experimental Run Time (hr)

FIG. 11.~Friction-Factor Change (f-f,}in Preroughened Tube (TFR3-11) and in Smooth
Tube {TFR3-6)

on the inside surface. The following results are evident: (1) Initial friction factor,

J:, is greater in the rough tube and frictional resistance remains greater at all
times; and (2) frictional resistance is reduced slightly during the first 30 h in
the rough tube.

The decrease in frictional resistance at the beginning of TFR3-11 suggests
that the bioflm developed between the sand grains and provided a less rough
surface up to approx 30 h.

The friction factor increases relative to the clean conditions, f — f,, for each
experiment are superimposed in Fig. 11 and indicate Jittle difference. The
additional pronounced frictional resistance in the preroughened tube indicates
that the effect of the biofilm on frictional resistance is not due to a simple
increase of rigid surface roughness. A possible explanation may lie with the

*/fact that a significant amount of the frictional loss is due to the presence of
the biofilm filaments. If so, growth of biofilm filaments on a fully rough pipe
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willincrease the losses and increase the friction factor tothe same extent observed
in an initially smooth pipe.

Increased Dissipation in Fluid due to Presence of Biofilm Filaments.—The
filaments of the biofilm were observed to fletter with a frequency that is a
function of the average fluid velocity. It was also observed that frictional resistance
increased with increasing filament length. Such increases are analogous to
increased drag in streams due to bottom vegetation. Similar phenomena occur
in the study of atmospheric boundary layers due to the presence of grassy
vegetation.

Our observations (experiments with the rough tubes and the casual observations
linking filament length to frictional resistance) suggest that a significant portion
of the frictional resistance is to be attributed to the action of the filaments.
More research is needed to quantify this effect.

ConcLusions

The objective of this study was to obtain fundamental information on increased
frictional resistance due to biofilms in water conduits.
The following conclusions are derived using a laboratory, circular tube reactor:

1. Increase in frictional resistance corresponds to an increase in biofilm
thickness or biofilm mass.

2. Increase in the calculated equivalent sand roughness corresponds to an
increase in biofilm thickness.

3. Increase in frictional resistance is characterized by an induction period
at small biofilm thicknesses followed by a rapid increase after film thickness
reaches a critical value. The critical film thickness corresponds to the viscous
sublayer thickness [0.0016 in. (40 um)] at a fluid shear stress of 1.146 x 107
psi (7.9 N/m?). Measured biofilm thickness varied from 0.0004 in.-0.04 in.
{10 pro~1,000 pm).

4. Constriction of the tube due to biofilm production zccounts for only approx
10% of the frictional resistance.

5. The effect of Reynolds number on friction factor (e.g., Moody Diagram)
for a tube with an attached biofilm is similar to a tube with a rigid rough
surface in the range of Reynolds numbers investigated (5,000-48,000).

6. The filamentous nature of the biofilm contributes to the increase in frictional
resistance.
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peNDIX Hl.——Noranion

The following symbols are used in this paper:

d = tube diameter;
S = friction factor (dimensionless);
J: = initial friction factor (dimensionless);

k, = equivalent sand roughness:
tube length across which pressure drop is measured:

R = Reynold’s number (dimensionless);
Th = biofilm thickness;
The, = biofilm thickness at which frictional resistance begins to increase;
¥ = average fluid velocity;
AP = pressure drop;
8, = thickness of viscous sublayer;
v = kinematic viscosity;
p. = density of water; and

T, wall shear stress.
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