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INTRODUCT ION

The trickling filter process is one of the most commonly applied methods
of biological treatment of municipal wastewater. This and the activated
sludge process account for practically all of the currently used biological
treatment methods. The primary reason for the popularity of the rock trick-
ling filter is the low operation cost and the simplicity of operation. A
trickling filter with field stone as filter media was Introduced to Taiwan
when the capital of the provincial government was relocated in 1957. A com-
munity named Chunghsin Village was developed. A waste treatment plant to
serve it was completed in 1959. The laboratory was set up not only for con-
trolling the operation but for collecting the data in order to provide a
reliable and practical reference for future design. Since then, daily samp-
ling and daily experiments have been done in the plant. The records have been
calculated on the basis of monthly average In terms of BOD (Biochemical Oxygen
Demand), $S(Suspended Solids), pH, temperature, flow rate, etc., at the
influent and effluent of the facilities, such as the primary clarifier, trick-
ling filter, and final clarifier. The plant treats the domestic wastewater
from the administration building and residential area of the community with a
total population of 12,000.

Because of the favorable conditions of subtropical climate and the
ready availability of rock filter media, trickling filters play an important
role in the field of wastewater treatment process design in Taliwan. It there-
fore seems to be a suitable time for studying the performance formulation of

the trickling filter and, subsequently, the characteristics of domestic waste-



water along with the operation data in order to provide a contribution to
future work in Taiwan.
In regards to the performance formulation of the trickling filter as
recently as 1962, R. E. McKinney (1) stated that
Thus far, the theoretlical aspects of trickling filters have not pro-
gressed to the point where the engineer can design a filter for a
given waste and predict in advance the results to be expected. The
number of variables and their interrelationships in trickling flliter
design have complicated the development of a complete fundamental
theory. The development of a sound fundamental theory for trick-
ling filters is one of the great uncharted areas of research.
Since then, many attempts have been made to predict trickling filter formulas,
but all formulations are based on laboratory and pilot plant investigations
which usually proceed under controlled conditions and are frequently not
directly analogous to conditions in existing plants.
The objectives of this study are: (1) to determine the characteristics
of the raw wastewater; (2) to evaluate the performance of operation of the

plant; (3) to predict the performance formulation of the trickling filter

based on a study of the various formulas which have been proposed.



LITERATURE REVIEW

Description of the Trickling Filter

From the first trickling filter constructed iﬁ England in the 1890's,
many different types have developed. In general, the trickling filter can be
separated into three elements: (1) the media bed, (2) the method of distribu-
tion of the wastewater over the surface of the bed, and (3) the underdrain,
which collects the treated water from the bottom of the media and carries it
away from the filter (see Fig. 1).

Historically, the media of the filter bed has been crushed stone or
gravel. More recently, new plastics and related materials have been used. On
occasion, hard coal, coke, cinders, clay, wood, and ceramic materials have
been used. However, the majority of trickling filters in existence have
crushed rock media.

Early trickling filters were rectangular in shape. Wastewater was
applied to the filter through nozzles fixed to the surface of the filter.
Flow was regulated by dosing siphons, which caused the flow to be applied
steadily for a few minutes, then stopped entirely for a rest period. This
was done to assure a regulated application of wastewater to the filter in
spite of fluctuations In the plant influent rate and to give the micro-
organisms rest and an aeration period between dosing intervals.

in 1921 the first rotary distributor was introduced (2). This type of
distributor is mounted on a turntable in the center of a circular filter, and
Is usually driven by the reaction from nozzles attached horizontally to the

distributor arms which spread the wastewater over the surface. Intermittent
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application is maintained by the interval between distributor arm passes.

The ease of operation of this type of distribution has caused the old rectan-
gularly shaped filter with fixed nozzle distributors to be almost completely
supplemented by the circular type with rotary distribution.

The underdrain collects the treated wastewater and conveys it to the
filter effluent channel. Today, underdrains are usually specially made filter
blocks of vitrified clay or concrete. At least 50 per cent of the capacity of
these blocks must remain filled with air to assure proper aeration within the
filter at all times. Sometimes vents through the media bed close to the peri-
meter of the filter or vents from outside the flilter are also required to
maintain proper aeration. |In special cases, and particularly in deeper fil-
ters, forced aeration Is necessary.

In a typlcal trickling filter wastewater treatment plant treating muni-
cipal sewage, the wastewater first undergoes treatment which includes screen-
ing, grit removal, comminution of sollds, grease removal, and primary sedimen-
tation. A large part of the settleable solid material composing the oxidizable
waste is removed from the wastewater Iin the primary sedimentation process, and
is subjected to anaerobic digestion. The effluent from the primary settling
basin flows through the secondary treatment section. This includes the
trickling filter and the final sedimentation process, which removes remaining
settleable solids and humus which may have sloughed off of the trickling fil-
ter. This may be the last stage of treatment, or it may be followed by ter-
tiary treatment.

Trickling filters can be classified as first-stage filters or second-
stage filters, depending on thelr locatlon In the sequence of plant treatment

units. Second-stage filters follow first-stage filters in the sequence.



These filters may receive as Influent the unsettled effluent of first-stage
filters or may be separated from the first-stage filters by an intermediate
sedimentation unit. Final sedimentation follows second-stage filters in a
two-stage plant.

The efficiency of a trickling filter is measured by the ability of the
unit to remove waste from the wastewater. The established method of deter-
mining the strength of a wastewater is the 5-day biochemical oxygen demand
(BOD) determination. BOD is usually expressed in terms of concentration in
milligrams per liter (mg/1). The efficiency of a waste treatment unit such as
a trickling filter is usually measured by the reduction of BOD concentration
through the unit.

The applied BOD and the amount removed by trickling filters are fre-
quently given in pounds per day, which is known as the organic or BOD load.
In reality, this quantity Is the product of the hydraulic flow rate and the

BOD concentration. A formula for this Is

W= 8.34 LI Q
where
W = the organic load, 1b/day.
Q = the hydraulic flow rate, million gallons/day.

Li = the BOD concentration, mg/l.

Frequently trickling filter loadings are expressed as the organic load
per unit of filter surface area or per unit volume of media. The hydraulic

loading of a filter is the hydraulic flow per unit of surface area.

Mechanism of the Trickling Filter Treatment Process

The trickling fllter waste treatment system comprises a fixed bed (film



flow) reactor and a clarifler. The clarifier is used for settling the filter
humus that sloughs off the trickling filter. The mechanism of waste removal
by the microorganisms In the fixed bed reactor has been described conven-
tionally as 'under favorable environmental conditions the zooglea absorb and
utilize suspended, colloidal and dissolved organic matter from the wastewater
which passes in a relatively thin film over its surface (3).'' The phenomenon
was stated by W. W. Eckenfelder (4) as biosorption and coagulation.

The mechanism of a fluld bed reactor is very complicated. Some Inter-
pretations have been proposed for two possible mechanisms. The first, as
stated by G. M. Fair and J. C. Geyer (5):

The most important element of biological flocculation and pfeciplta-

tion would appear to be the transfer of the pollutional load to the

film. There it undergoes decomposition commensurate with the dura-

tion of its storage and releases its end products to the atmosphere

or to the wastewater that washes it.
The second, as suggested by C. F. Gurnham (6) is that the process of removal
is essentially due to high rates of oxidation at the surface of the film on
the filter media. The concepts of removal and storage have been originally
described by E. B. Phelps (7) and commented on by C. E. Renn, and advanced by
R. E. McKinney.

Until 1963, the fundamental interpretation was proposed that atmospheric
oxygen is transferred to the microbial mass through a liquid film. Hydro-
dynamically, the system may be represented as a gravity liquid flow over a
surface as shown in Flgure 2.

Swilley (8) proposed the trickliing filter as a film flow reactor and

for different controlling mechanisms and kinetics to be generalized as:

Organics + Exog::z:;tglectron + Nutrient Orginisms

Organisms + coz + HZD
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Essentially the reaction occurring In the film can be described by a

first order reaction and represented by an Irreversible reaction as:
A+B—m——

A is the incoming organic substrate to the reactor, B is the exogenous hydro-
gen acceptor, and C is the desired product. | 7

The amount of film substance retained in trickling filters and the
length of time during which transferred substances undérgo decomposition is a
function of (1) temperature, BOD, and rate of activity; (2) area dimensions
of the supporting sﬁrface and their exposure to moving liquid films or masses;
(3) such scour as may be engendered by the moving fluids; and (k) the rate of

diffusion of oxygen into the accumulating film (9).



Trickling Filter Kinetlcs

Early experiments and observations regarding the high rate trickling
filter were made by Mahiman (10), Halvorson (11), and Herrick (12). Their
results were summarized by Stanley (13) as showing that the high rate filters
produced an inferior BOD removal and, consequently, inferior effluent quality
as compared to standard rate filters. It was noted that a possible combina-
tion of a high-rate filter and additlional treatment might improve the econo-
mics of treatment.

In Baltimore in 1938-1939, Keefer and Kratz (14) made experiments on a
portion of a large old standard-rate trickling filter with fixed nozzles,
which was converted to rotary distributors. The results indicated that the
high-rate operation was practical and that a 70 per cent BOD reduction could
be expected in summer, and 50 per cent in winter. Thus the temperature of
the wastewater appeared to have an important effect on the filter efficiency.
Nitrates in the effluent of the high-rate operation were shown to be less than
those of the standard rate operation. Thelr results also indicated that most
of the BOD was removed in the top layer of the filter. These results did not
include the effect of final sedimentation following the filter. They conclu-
ded that as rate of flow increases, an increase in effluent BOD will result,
accompanied by a decrease in nitrates of the effluent.

In 1942 Horton, Porges, and Baity (15) reported on the results of an
experimental filter in a pilot plant. Their conclusions were that the degree
of purification, or amount of BOD removal, is mainly dependent upon time of
contact between the wastewater and the microorganism in the filter bed. With
recirculation of unsettled filter effluent, efficlency Increased untll the

recirculation ratio reached 5. High ratios gave a decrease in efficiency.
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It was postulated that the effect of recirculation of unsettled filter effluent
was to seed the influent sewage and provide solids contact somewhat similar to
the activated sludge process. In the studies, time of contact was shown to
depend upon the hydraulic flow rate through the filter.

In 1946 the Committee on Sanitary Engineering of the National Research
Council (16) presented the results from a studyrof sewage treatment plants at
military installations all over the Unlted States. The data was collected
from 34 plants. A statistical study was made for the expression of efficiency
in trickling filter performance. The efficiency of blological sewage treat-
ment was pointed out to be dependent upon (1) magnitude of the organic load
treated per unit of time, (2) amount of biologically active growth, (3) ade-
quacy of air-liquid interface, (4) time of contact between organic load and
biological growth, (5) degree of agitation and turbulence at the interface of
the growth and sewage, and (6) provision for settling of agglomerated materials
and detached excessive growths. On the basis of results shown, both organic
loading (Ib BOD/acre-feet) and hyraulic loading [million gallons per acre per
day (mgad)] are significant, and the former has greater influence upon effi-
ciency in trickling fllters. The equation for per cent efficiency which fits

the curve of results is:

E= L

1+ c#’g;_
where
E = the fraction of BOD removed
C = the constant, equal to 0,0085 In acre ft, or 0.0561 for value In

thousands of cu ft
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W = organic loading, 1bs/day
V = the volume of media
F = the recirculation ratlo and the number of passes through filter,
as follows:
i +.%
F =

0+ (-p) f?

R = the volume of reclrculated effluent in mgd

I = the influent of settled sewage In mgd

p = a weighting factor which reflects the amount and availability
of organic matter remalning after each passage relative to the
individual amount; this value ranges from 0.81 to 0.95, with

an average value of 0.90.

An examination of data used for developing the foregoing formulations
and the theoretical curve, which shows a wide scattering of points about the
curve, leads one to believe that there Is a need for improvement in empirical
methods to determine BOD reduction in trickling filters.

In 1948, C. J. Velz (17) recognized that the explanation of the per-
formance of biological beds is similar to the biological oxidation law deve-
loped by Phelps, and may be expressed in differential form as:

- g,
db

KL
Velz postulated that ''the rate of extraction of organic matter per
interval of depth of-a:blological bed Is proportional to the remaining concen-

tration of organic matter, measured in terms of its removability.' Then, the
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Phelps equation can be integrated to

L

D, K
L
whence
L
D -kD
L—"O
where

L = the total removable fraction of BOD
D = the depth
LD = the corresponding quantity of removable BOD at depth D

k = the rate of extraction, base 10.

In application of the foregoing formula, the removable fraction of BOD,
L, and the rate of extraction, k, must be determined empirically. Velz stated
that the removable load is a function of the rate of biological oxidation and
the storage capacity for accumulation of organic matter within the bed. Since
biological oxidation is a function of temperature, L is lower in cold weather
and higher in hot weather, with the exception of equilibrium loadings. The
values for k for a 460 gal/daylft2 plant at New Jersey were determined to be
0.1505 for the high rate fllter and 0.175 for the low rate filter with an L
of 0.784.

In 1953, R. S. Rankin (18) compared the actual performance of several
plants to the results calculated by the National Research Council formulas,
the Velz formula, and the Tentative Standards. The Tentative Standards were
proposed by a joint committee of the Upper Mississippl Board of Public Health
Engineers and Great Lakes Board of Public Health Engineers in 1951. Rankin

developed a formula based on these standards. For a single-stage trickling
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filter including final settling, the efficiency of BOD removal is given by

where
Le = BOD of settled filter effluent
Li = BOD of primary settling effluent

R = recirculation ratio

Rankin demonstrated that the Velz formula gave results closest to the actual
performance, the Standards, the next closest, and the National Research Coun-
cil, the least close. Rankin concluded that the ratio of recirculation is the
paramount parameter of BOD removal efficiency. He also concluded that dosing
rate, loading of the filter, and depth had no significant effect on efficiency
in his study.

In 1956, J. M. Fairall (19) proposed empirical formulas on the basis of
a statistical correlation from 44 trickling fllter loading and performance
data in the area of the Upper Mississippi Valley. The formulas are shown as:

For fllters without recirculation

-0.322

L
e Vv
n -ri-- 1.102 (—Q-)

where
n = the fraction of BOD in settled raw sewage remaining in the
following clarifier effluent
V = the volume of filter media (1,000 cu ft)

Q = the plant hydraulic flow rate (mgd).
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For filters with reclirculation

L 0.444
n= EE-- 2.065 (V(le R))

where

R = the recirculation ratlo.

In 1957, V. T. Stack, Jr., (20) developed a theoretical formula for the
performance of the trickling filter process. The theoretical derivations were
based on the following assumptions: (1) a trickling filter is basically a
self-regenerating absorption tower, (2) each unit depth of the filter will
remove a constant fraction of the removable BOD applied to the unit depth,
(3) removable BOD is the fraction of the observed BOD which can be removed by
biosorption, (4) the quantity of BOD that can be absorbed by one unit volume
of a filter has a maximum 1imit. Stack derived an equation for the perfor-
mance of a trickling filter operated with no recirculafion and expressed it
as:

Lo=xfs+f(L-xfS) 1+ (0 -6+0-02+0-73+..

Q- f)D - X - l]

L_ = the removal of removable BOD

X = the number of unit volumes saturated by a given load of BOD

f = the coefficient of biosorption; it is related to Velz's theory
as f=1-10K

S = load of removable BOD which must be applied to saturate one
unit depth with BOD

L = the applied load of removable BOD

D = the filter depth.
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The theoretical expression for a trickling filter operated with recircu-
lation and at a loading less than the applied load which will saturate one
unit depth is equal to

(R + 1) cfL
T+ReF
where

R = the recirculation ratio. The values of removable BOD, f, and s must
be determined empirically,

When Stack modified the Velz's law to incorporate recirculation, the
total organic removal could be expressed as:

rl; (n+ %J

L -——.—_—R.—
r (1+l'-‘-)

where

-
[ ]

the total organic removal

-
-
-
|

the organic removed first passage

R = the recirculation flow

the settled sewage flow.

In 1958, W. E. Howland (21) derived a mathematical expression for the
time of fluid flow over a sphere, which resembles the flow of wastewater
through the porous media in a trickling filter. |In application, he concluded
that the time of travel through a trickling filter might vary inversely with
the two-third§ power of the 1lquid rate of application, and directly with the
depth, D, of the filter and with a correction factor for the effect of tem-'

perature of I.D35T-20. The expression is shown as:
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X = 1.0350 20 . %

a
where

X = the time of travel

-
]

temperature In degrees centigrade

o
]

depth
Q. = rate of flow of sewage in a filter per horizontal area of

filter (mgad).

The effect of an intermittent period of discharge between passes of the
distributor arm, according to Howland's analysis, has the same effect In
improving the quality of the effluent as would an increase in the depth of the
filter. It tends to equalize the rate of flow and has an important effect in
pulling down air into the filter. However, he Indicated that Intermittent
discharge is beneficial to the aeration of a filter.

The effect of recirculation is described as affecting the thickness of
the "flowing f1lm" which will vary with recirculation as (1 + p)'/3 (p =
recirculation ratio). The expression for the time of flow which included the

recirculation is as shown:
= 1

?:)(upﬁ

wim

X = (1.0357 20 .

Furthermore, Howland explained there Is another way to set up the effect
of recirculation as a function of time of flow. It is assumed that the total
liquid rate of flow applied to the trickling filter is a homogeneous matter
which can be described by an average concentration, Li’ while the effluent

concentration is Le' Thus, the concentration of the applied flow is
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Li + PL
L = =
o TTF
where

P = the recirculation ratio as stated previously.

In 1959, W. T. Ingram (22) reported the results of filtration experl-
ments which were made with deep filters of 12 inches diameter and 18 feet In
depth. The filters were built as single columns and were separated into six
sections, each 3 feet deep. Alr was supplied from the bottom of each section.
Ingram concluded that the non-removable BOD can be removed with increased
depth and that the temperature undoubtedly has some effect on the performance.
His studies also indicated that the organlc loading of a filter is much more
important than the hydraulic loading.

In 1960, K. L. Schulze (23, 24, 25) conducted studies with a series of
one-half Inch mesh vertical screens which served as media. His analysis of

the fraction of influent BOD remalning in the filter effluent was as shown:

L c
f‘:- = KD

-
n

final effluent BOD (mg/1)

-
i

BOD of filter influent (mg/1)

hydraulic loading (mgd)

> o
L] |

surface area (acres)
¢ = constant

K = constant
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Schulze derived values of the constants c¢c and K as 0.67 and 0.079,
respectively. It is noted that the value of c Is the same as that of Howland
in his expression for contact time, that is, t = %3/3. The value was also
confirmed by studies of Bloodgood, Teletzke, and Pohland (26).

Schulze proposed that if it is assumed that the fraction of BOD remain-
ing in the effluent is directly related to contact time, then the fraction

remaining is

2/3

and t can be replaced by D/ {Q/A)°'°, and the fractlon remaining becomes

-

e _ _-kn/(a/a)%/3
T_":" e .
1

Converting to base 10 logarithms:

L 2/3

e lo-kD/(Q_/A)
o

Schulze determined that the value of k ranged between 0.22 and 0.33, and
suggested that Kzo = 0.30 be used. In consideration of the temperature

effect, the equation became

te O-bkzobl(Q/A)zl 3
Li A
where

b= 1.035" 20

Schulze also stated that the trickling filter process appears as an

adsorption process where hydraulic load determines contact time and this in
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turn determines the level of efficiency.

In 1961, W. W. Eckenfelder, Jr. (4) presented a formulation on the basis
of Velz's law, an extension of the Howland and Schulze equation. This included
a conslderation of the type of filter media and the hydraullic characteristics

of the flliter yield as was shown

L
L
L

L0 0" /") | (k'™ /Q"

where the exponent 1-m is the coefficient which relates the type of filter
media and the hydraulic characteristics of the filter. This exponent becomes
1.0 when the biological film is approximately uniformly distributed throughout
the filter depth. Usually the exponent is less than 1.0.

In order to determine a formulation applicable to the design, the.for-

mula expressed as overall removal is:

L

& . 100
E., T-m
i 1+ CcD .

Q

where

L = the BOD remalning in effluent, (mg/!)
L, = BOD of influent, (mg/1)

D = depth, (ft)

Q = flow, (mgad)

C = constant

1-m = constant

n = constant.

The constant C and the exponents (1-m) and n were determined by multiple re-
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gression analysis as 2.5, 0.67 and 0.50, respectively.
Eckenfelder assumed that the effect of recirculation is to dilute the
influent BOD, as given by Howland; that is
L_+RL
L = 2 e
(-] T + R

and the equation became:

L
&
La

[
CDI-m
Qﬂ

1+ R(1 + ) = R

In 1964, Galler and Gotaas (27) developed a mathematical model using 322
sets of data from the 1lterature that described the reduction of BOD in the
waste liquid as it passed through a trickling filter in terms of five physical
parameters. These parameters were depth, hydraulic rate, temperature, recir-
culation volume, and organic loading. Letting the BOD remaining in the 7
effluent of the trickling filter be the dependent variable and using multiple

regression analysis, an equation was derived as follows:

046 Lol.ls a + |,‘)0.28 (013
)0.67 To.ist

L =
o (1 +0D

L_ = BOD remaining In the effluent, (mg/1)

-
|

BOD in the Influent, (mg/1)
R = recirculation ratlo

flow rate, (mgad)

o o
n |

depth, (ft)
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T = temperature, (°C)

Galler stated that the depth contributed significantly to the BOD reduction.
An exponent of 0.67 was obtained which agreed with Eckenfelder's. Temperature
was included as a parameter as In Velz's and Howland's conclusion. Galler and
Gotaas also postulated that the recirculation of effluent can improve the
quality of the plant discharge, but a practical limit of about 4 to 1 exists.
Although the hydraulic loading was included in the equation, the results of
his work show that it s not an important factor in determining the fraction
of BOD remaining in the trickling filter effluent. This contradicts those who
proposed the hydraulic loading as the controlling factor.

In 1966, Galler and Gotaas (28) proposed a method for the optimum design
of trickling filters which was used to minimize the cost of the wall, floor,
media, distribution system, power for recirculation pumping, pumps, and annual
costs. The results of their studies showed that deep filters with forced air
ventilation were more economical than shallow filters for reduction of BOD
when there was no need to pump the influent to the top of the filter.

in 1966, J. E. Germain (29) reported that BOD removal by plastic media
trickling filters would follow the equations proposed by Schulze and Howland.
Germain theorized that the rate of BOD removal is a function of the influent
BOD concentration and the adsorption capaclity of the blological growth. Waste
residence time in the filter affects the amount of waste removal by determining
how close to completion the reaction can proceed within the waste residence
time provided.

In 1968, J. M. Baker and Q. B. Graves (30) in their study of the design
formulas of the National Research Council, the Eckenfelder formula, and the

Galler-Gotaas formula noted that the dimenslion of these formulas is time. It
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has been shown that the NRC and Eckenfelder formulas have the same dimensional

form, that is

E=y+t
where
E = the efficiency of the trickling filter

t = time of contact.

The dimensional form of the Galler-Gotaas formula has been shown as

1
E-] "t-o

Instead of the efficiency term as in the formula of the NRC, Eckenfelder
and Galler-Gotaas used the term of required trickling filter volume for opti-
mum practical design. They noted: (1) In the NRC formula, volume varies
directly with flow rate, Influent BOD, and recirculation; the volume will
decrease with a greater recirculation ratio to a maximum ratio of 8; (2) in
the Eckenfelder formula, volume varies directly with flow rate, recirculation
and depth; recirculation reaches a pracfical limit at a ratio of & to 5; (3)
in Galler-Gotaas formula, volume is a function of flow rate, influent BOD,
filter depth, recirculation and temperature. The recirculation and efficiency
are Iindependent. A decrease in volume with increased recirculation is shown
only with higher efficiency.

In 1969, S. B. Balakrishman and W. W. Eckenfelder (31, 32, 33) modified
t_:hé original Eckenfelder équatlon for BOD removal and nitrification. The

modified equation is:

=

e ~Ks AV" p/Q"
T ~¢

o
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or

L
£ =
L

0

. n
o Ks D/Q

in which Ks' = Ks Av"

where

-
|

the BOD remaining in the effluent

r
|

the applied BOD concentration

the specific surface, (ftzlft3)

z
]

Ks' = a constant, for domestic sewage at 20° C is given by

Ks' = 0.0362 AvO-66% Lo°°5“

They also modified the temperature effect for BOD removal. The modified

formula became:

PR T-20 _,.n
E=1-e Ks' 20° ¢ (1.035) D/¢Q

Due to the increased sensitivity of nitrifying bacteria to temperature,
the resulting efficiency for the nitrification relationship is

n
st 20° ¢ (1.070) 720 b/Q

E.=1-~-

T
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PLANT OPERATION

General Description of the Plant

The treatment plant was completed in 1959 to treat 0.6 MGD of domestic
wastewater from a population of 12,000. For the purpose of design, the 5-day
BOD and suspended solids of the raw wastewater were estimated at 400 mg/] and

450 mg/1, respectively and, thus, the daily BOD_. load and suspended solids at

5

2,000 Ib and 2,250 1b, respectively. An overall removal of 90% BOD_ and 80%

5
S.5. was assumed. The expected BDD5 and $.5. of the plant effluent were then
calculated to be 40 mg/1 and 54 mg/l.

The primary treatment facllltiés consisted of the following units: bar-
screens with 1 inch spacing, inclined downstream at an angle of 30° from the
horizontal; two grit chambers in parallel with a proportional weir, and with
1 ft per second of flow velocity and 20 seconds of detention time; two rectan-
gular hopper-bottomed automatic belt scraper primary settling basins in paral-
lel with 600 ga!/ftzlday overflow rate and 2 hours of detention time. |t was
assumed that the percentage removal of BOD5 and $.5. in primary treatment
would be 35% and 50%, respectively. The sludge from the primary settling
basins is pumped to one circular anaerobic digestor with 56 days of detention
time. The sewage from the basins is pumped to the trickling filter process
for further treatment.

The trickling fllter process is one trickling filter followed by one
final settling basin. The high rate trickling filter is circular, 51 ft in

diameter and 3 ft in depth. It Is provided with a four-arm rotary distributor

that distributes the flow over the fllter media. It was assumed that the
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filter would treat 200 1b of BOD_./1,000 cu ft/day with a flow rate of 40 mgd/

5
acre. The recirculation ratio was 2:1. Recirculation flow was before the
final settling basin. It was assumed that the reduction percentage of BOD5
in the filter and the final settling tank was 64%. The final settling basin

is circular with an automatic sludge scraper. The overflow rate and the deten-

tion time of the basin is 860 gal/sq ft/day and 1.5 hours, respectively.

Flow Control and Measurement

Wastewater flow was regulated at a-controi manhole at the entrance to
the plant, where a 16-inch main sewer was intercepted. The flow was measured
by an automatic flow meter with parshall flume.

Recirculation, measured by the drop in water level in the recirculation
compartment, was adjusted to a constant 2:]1 ratio by means of a gate valve in

the recirculation line.

Sampling Procedures

Wastewater samples were collected regularly by catching a sample at the
following points: (1) raw sewage inlet, (2) effluent channel of the primary
settling basins, (3) effluent channel of the trickling filter, and (4)
effluent channel of the fina) settling basin. The times of sampling were
determined by the result of dispersion tests. Fractional samples were col-
lected twice a day, and composited according to flow. At the end of sampling,
the samples were brought to the laboratory for analysis. The samples were
measured for temperature; total, volatile, soluble, and suspended solids;
chloride and chlorine requirement; free ammonla nitrogen and protein nitrogen;

pH and BOD The analytical methods were conducted according to the Tenth

5.
Editlon of Standard Method for the Examination of Water and Wastewater.



The samples have been collected since a laboratory was built in 1959.

The experimental data has been computed into monthly averages since 1965.

26
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RESULTS

Characteristics of Wastewater

The design and the operation of the trickling filter process depends
upon the characteristics of the raw and settled wastewater and, thus, on the
living characteristics of the community. For Taiwan communities, sufficient
information on such characteristics is not available. The analytical data of
the plant from 1965 to 1970 provides some valuable information regarding the
operation of the existing plant and the design of future trickling filter pro-
cesses in Taiwan.

The composite samples were collected over six years. The figures given
in TABLE | represent the maximum, minimum, arithmetic average, and mean values
of major constituents of raw wastewater on the basis of monthly values in the
given years.

The variation of BOD_ and suspended solids concentration of the raw

5
wastewater with months are shown in Figures 3 and 4.

Performance of the Plant

The performance data are indispensable information for evaluating the
operation of the plant and for development of a prediction equation in the
following section. TABLE 2 gives the performance data of S S and 3005 for
the primary settling, trickling filter and trickling filter including final
settling basin of the plant on the basis of arithmetic average from 1965 to
1970. Figure 5 glves the variation of the free ammonia nitrogen and organic

nitrogen throughout the process.
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The Development of Prediction Equation

As stated previously, there have been many attempts at formulating the
performance equation for thé trickling filter process. There are many factors
which complicate attempts to develop generalized formulations. HNone of them
can evaluate the performance of the existing plants completely. The National
Research Counclil equation is the first formulation which was developed and,
thus, it is widely applied in the field. Eckenfelder's formulation is the
first attempt to include the known factors up to 1960 on the basis of the con-
cept of biological oxidation. The Galler and Gotaas formulation Is the most
recent one and includes many more factors than any of the previous ones. These
three formulations were adopted for evaluating the performance of the plant

operation In terms of BOD_. remaining in the effluent. The three equations that

5

were employed are:
National Research Council Formula

LO
L =L -~ 0.5

e o .
1 + 0.0561 (g-r_—.-




1 + R
O+ (-p) RIZ

F =

" L = the BODS remaining in the effluent, (mg/t)

Lo = the BOD5

W = organic loading, 1bs/day
v

in the influent, (mg/1)

= yvolume of media, 1,000 cu ft
F = recirculation factor
R = recirculation ratio

p = weighing factor of recirculation, from analysis of data = 0.90

W. W. Eckenfelder, Jr., Formula

L
o]

b ™ 0.67
(1 +R) O +2.5% =) - R
o

L = the BOD
o 5

L = the BOD
e 5

R = recirculation ratio

remaining in the effluent, (mg/1)

in the Influent, (mg/1)

Q = flow rate, (mgd)

D = depth, (ft)

Galler and Gotaas Formula

o.h6h 119 (1 + 0028 13

L =
e (1 + D)DTET_T(]J?

where

L = the BOD. remaining in the effluent, (mg/1)

e 5
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-
n

the BOD, in the influent, (mg/1)
R = recirculation ratlo

flow rate, (mgad)

°© o
[ | [ ]

depth, (ft)

T = temperature, (°C)

The results obtained from the three equations were computed with the [BM
360/50 computer. (The program is glven In Appendix 1.) Figure 6 shows the
comparative graphs with the actual values of BOD5 remaining In the effluent.

Figure 6 reveals the various trends In comparison to the actual values.
The results of the Galler and Gotaas equation Is the closest one of the three.
The National Research Council's Is the next, and Eckenfelder's is the last.
The parameters included In the Galler and Gotaas equation are organic concen=~
tration in the influent, the recirculation ratio, the flow rate, the depth and
the temperature. It was derived from 322 observations. A regression analysis
was conducted on the observations as stated previously. Thus, it is believed
that development of prediction equation from the operational data of the plant
on the basis of the Galler-Gotaas formulation is preferable.

Some variables which were included in the Galler and Gotaas equatlon are
constant in this existing plant, such as the depth and the recirculation ratio.
The variables that can be counted are organic concentration, the flow rate,
and the temperature. Thus a multiple regression equation for the fraction of

BDD5 remalning in the effluent was formed as:
log Le = log C + Allog Lo + Azlog Q-+ A3'°9 T

in which A Az. and A, are the partial regression coefficients, log C is the

1’ 3
intercept value, the varfables of Lo' Q and T are organic concentration (mg/1),
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flow rate (MGAD), and temperature (°C), respectively.
A regression analysis was conducted on the operation data. This was
done on the IBM 360/50 computer using a general purpose multiple regression

program. The equation determined by the analysis considering BOD5 in terms of

mg/1 is:

0.0758 LoIJII QD.IID

e 70.577

which has a multiple correlation coefficient for this data of 0.80.
Comparing this with the actual operation values of BOD5 remaining in the
effluent, the results obtained from this equation were computed. This was

done on the IBM 360/50 computer. (The program is given in Appendix 111.)

Figure 7 gives the comparative graphs and the effect of the variables organic
concentration, temperature and flow rate. The difference in the figures will

be discussed in the subsequent section.
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DISCUSSION

As pointed out earller, determination of the characteristics of waste-
water is essential to the proper design of a treatment plant. This point
becomes much more obvious in trickling filter processes. As is well known,
the process depends on transport of oxygen and substrate to the organisms.
There is a maximum quantity of BOD which can be assimilated by the biological
life of the bed. In the previous kinetic study, as Rankin (34) pointed out,
the NRC formula was developed on filters with BOD loading of about 8,000 1b
per acre-ft. W. W. Eckenfelder (4) noted that at the low BOD concentration
applied one could assume first order kinetics, but for complex industrial
waste the modification by a retardant function was required. Many of the pro-
blems caused by Industrial wastes are due to organic loadings beyond the
reactive capacity of the bed and, thus{ the data obtained from the final
effluent cannot be considered representative. In this study, the actual ave-
rage BDD5 loading applied to the filter is 2920 1b per acre-ft, which is lower

than the expected value, since the maximum BOD_ of raw wastewater was 188

5
mg/1, the minimum 62 mg/1, and the arithmetic average 127 mg/l. Using the
Student's test the 95 per cent confidence Interval of the mean was 122.5-131.5
mg/1. The standard deviation is 22.97. The characteristics of constituents
listed in TABLE 1 are in the range of medium to weak strength in comparison
with those listed by Babbit (35). The value of 8005 of the raw wastewater was
predicted to be 400 mg/l in the original design of the plant. Obviously, the

assimilative capacity of the plant has not reached its maximum.
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It should be pointed out here that the effect of the infiltration from
rainfall to the sewer greatly lessens the organic concentration of raw waste-
water during the raining season. This occurs from April to September, as
shown in the bar graph in Figure 3. The effect on suspended solids is shown
in Figure &.

Another evaluation of the reliability of the existing plant may be con-
veniently considered under the heading of the performance of the filter. From
TABLE 2, regarding the trickling fllter performance including the final set-
tling basin, removals are from 60% to 70% or more from 1965 to 1969. The
overall efficiency of the plant Is more or less around 80%. Thus, the opera-
tion of the plant can be considered to be normal.

There are some points which can be brought out from the comparative
study of TABLE 2. First of all, in 1969 and 1970, regarding the performance
of the filter only, the percentage reduction of BOD5 dropped down to 45% and
42% in comparison to that of the previous years, but the percentage reduction
of suspended solids was up to 24% and 36%, which was greater than that of
around 103 from 1965 to 1968. It represented the clogging phenomenon, which
is caused by the accumulation of filter film not sloughing off as It should
through the ten years operation. Evidently the assimilative capacity of the
bed was decreased and, thus, the function of blological flocculation and pre-
cipitation became greater than the biosorption and coagulation mechanism in
the filter. Secondly, the effect of the settling basin following the trick-
ling filter is clearly shown in TABLE 2. The percentage reduction of BOD5
remained constantly around 103 even in the years during which the removal per-
centage of the trickling filter was obviously decreased. It is an important

point In the study of performance formulations because of the fact that the
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effect of settling basins following trickling filtration has never been evalua-
ted.

Aslde from the point of BODs reduction, the effect of nitrification In
the process is shown in Figure 5. It reveals that the free ammonla and organic
nitrogen were lessened appreciably through the treatment process.

In the study of development of the prediction equation, there were
varlations in the effluent BOD as computed from the NRC, Eckenfelder, and
Galler and Gotaas formulas, in comparison to that of actual values as shown in
Figure 6. Before the interpretation of various trends, the difference in some
physical variables between the existing plant and the theoretical performance
should be recognized. In the existing plant, the physical variables of the
depth, the recirculation ratio, and the characteristics of fllter media were
constant. Under these circumstances, the parameters of the filter media
characteristics, depth and the recirculation ratio which were emphasized In
the Eckenfelder formula were not significant because they are constant.
Besides, there are two things that must be explained. First, the explanation
of mechanisms of BDD5 In trickling filter by Eckenfelder (i), as earlier
detailed, are from biosorption and coagulation of that portion of the flow
that passes rapidly through the filter. The mechanism of biological floccula-
tion and precipitation were neglected, as pointed out by V. C. Behn, et al.
(36). Up to this point, the percentage reduction of suspended solids as shown
in TABLE 2 showed that-the mechanisms of precipitation undoubtedly existed.

The attribution of BOD. reduction by storage became greater when the operation

5
of the plant became longer. Second, it is recognized that the BOD5 reduction
in trickling filters Is based on the degree of assimilation by microorganism

in the blological oxidation. The the biological oxidation, the amount of
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blological growth is controlled primarily by the food available and the growth
will increase as the organic load increases until a2 maximum effect Is reached.
Thus, the organic loading is a basic parameter in the parameter in the per-
formance formula. However, influent BOD is not a parameter in the Eckenfelder
formula. Consequently, the result of BODS In the effluent obtained from the
Eckenfelder formula sh;ws the least comparison to the actual data.

The National Research Council and Galler and Gotaas formula were based
on actual data. They were not based on Eckenfelder's explanation of the
mechanism of a f!?ter, but rather on pure mathematical and static fitness.
Commonly, the organic loading was emphasized in their formulas. But at the
time of formulation of the Natlonal Research Council formula, the temperature
factor was not considered. As is well known, the removal of BOD is a function
of the activity of the microorganisms comprising the slime coating of the
filter media, but the activity of microorganisms associated with wastewater
temperature normally decreases with decreasing temperature. Thus, temperature
should be included in the empirical formulation. This was accounted for in
the Galler and Gotaas formula. The foregoing difference between the NRC and
the Galler and Gotaas formulas reflects the difference of trends in Figure 6.
The Galler and Gotaas was the closest one of the three results.

The result In terms of BOD_ remaining in the effluent obtained from the

5
predicted performance formula based on the method of the Galler and Gotaas
formula and the operating data of the existing plant has been compared and is
shown in Figure 7. The difference which appeared on the graph is in the range
from 0.644 to 1.659 (the figure based on the ratio of the computed value to
actual value detalled in Appendix 111). This shows that other factors affect-

ing BOD_ reduction In the process, such as the interruption of operation, the

5
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sloughing off of biological film from the filter, and the increment of accumu-
lation with Increasing years of operation need further study In order to be
counted as physical variables in the performance formula. There are two
points which must be noted here. First, the data used by Galler and Gotaas
included settled and unsettled effluent, but this study used settled effluent
only. Second, there are three physical variables which could be involved In
the predicted formula, but because of the restriction of the existing plant,
the formula is suggested to be employed as an evaluation tool for the perfor-

mance of the existing plant rather than future design.
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CONCLUSIONS

1. For evaluating the reliablility of operation data, the characteristics of
raw wastewater are summarized. The values for BOD5 are maximum 188, minimum
62, average 127, and using the Student's test the 95 per cent confidence Inter-
val of the mean was 122.5-131.5 mg/1. The standard deviation was 22.97. The
values for suspended solids are maximum 320, minimum 103, average 184, and
using the Student's test the 95 per cent confidence interval of the mean was
175.31-192.69 mg/1. The standard deviation was 44.17. The overall strength
of domestic wastewater Is in the range of medium to weak in comparison to that

of the Unlted States'.

2. For the same foregoing reason, the operation efficiency is summarized
also. The results reflect that the operating efficiency was not as high as
that expected by the designers. Though the quality of the effluent generally
met the requirement, it was probably because of the low BDD5 in the raw waste-

water.

3. The mechanism of BOD removal not only occurs by biosorption and coagulation
in the trickling filter process, but also by biological flocculation and preci-
pitation. The results of suspended solids reduction of the plant are cited.

On the other hand, the reduction of suspended solids can be used for evaluation

of the clogging phenomenon in the process.

k. The effect of the final settling basin regarding BOD5 reduction in this

plant was cited around 10%. It indicated that the effect of the final set-
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tling basin played some role in the BOD reduction when the process included

the basin.

5. The performance formula for evaluating the operation of the plant was
developed. The result computed from the predicted formula and the actual

value of BOD_ remaining in the effluent was compared.

5

6. The phenomena which occur in the operatlion, such as biological film
sloughing off from the filter and the evidence of accumulation and subsequent
oxidation of organic material, need further study in order to be included as

physical parameters in the performance formulation.
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APPENDIX |

REAL LU LEl+LEZ2,.LE3
DIMENSION WiBO)WLOL8O) 4T (30),Q080) s LELIBO),LE2EBO) LELS
READ(DHy230) Ny Ay De Vs RelwlI)el=za Nl lLA(I) 1= ToN) !
CITUL)sI=1sid)
110 FORMATLI10,4F10.5/18F10. b/BFlU 5/8F10.5/8F10.,5/8F10.,5/8F10.5/8F10.
C5/78F1Ca5/5F10.51})
WRITE(H,120) - w® a
120 FORMAT{//5X,'THE INPUT DATA ARE'}
ARITELH9130) NjAsDeVHR
130 FORMATI{IS,4F10.3}
DO 10 I=14N
10 ¥WRITE{6s140) w(Il.LDlIl,QtIl.TtI)
140 FORMAT{(4FLlG.2)
C=0.,0561 .
P=0.9
F=(1. +Rl/((1-*(1.-Pl*RI**2-)
U=v *F
DO 20 I=14N ‘ : . 7
: LEL(I)= LU(I’/‘I.*C*((h{I)IUi**O 5}7
0 LEL(D)=LO(T)-LELILI} '
DO 30 [=1,.N
DEN=(1.4R)%({1.+2,5%¥D*%0.67/Q(I)**¥0D.5])-R
30 LE2(I)=LO(I)/DEN
X={]l.+R)*¥0,28
Z2={letD)2¥0,67
DO 40 [=l,nN
Y={(OQ(I}/A)*¥*¥0.,13
40 LE3I(I)=(0.4642(LO(I) %% 09} *X*Y)/{2%(T(I)*%0. 15’,
WRITE(6,150) )
-T§5_?U§h57i1/5X1'CUMPUTED EFFLUENT BO3D VALUES -ARcE')
WRITELOy1060)
160 FORMAT(/5X%X,"' LE1 LE2 LE3 %)
U 50 I=1leN
50 WRITEL6,170) LEl(I);LEle’iLE3(I)
170 FOAMAT(/1Xs3F10.2)
RETURN
ENU

{60y
QtIlel=0140d),y




ILLEGIBLE
DOCUMENT

THE FOLLOWING
DOCUMENT(S) IS OF
POOR LEGIBILITY IN

THE ORIGINAL

THIS IS THE BEST
COPY AVAILABLE
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APPENDIX 111

CsJ0B
1 REAL LT,LEA,LEC
2 BIAENSIO LO(BU) G LEA(BO) SLEC(B0),QALEUN,T(BO),X(80)
3 =09
4 NC 10 T=1,i
.5 10 READ(S5,100) LEACT)LLO1Y y0ALT) T (L)
6 100 FORMAT(4F1G45)
7 DC 20 T=1,4
8 20 wRITE(6,110) LEACI) ,LOCL),GALT),T(1)
:) 110 FORMAT(4F10.5)
10 DO 30 I=,,44
11 LECHIN=0,07538%(LOGI)*=1.41)%(QALII*%0,40)/(T(1)%*C,37)
12 30 K(I)=LEC(IV/LEA(L) '
13 f0 40 =148
_la 40 WRITE(E,120) LEACIYLLECELIY,XLL)
15 120 FCRMAT{/3X, 3F1lCe3)
16 RETURN
A7 END
Le ACTUAL L,COMPUTED "L a
738,000 38,631 1.017
464000 42485 0,924
34,000 41.8684 1.232
29.000 33,018 1.345
19,000 254,730 1.356
23,000 264110 1..35
26,000 26,828 T
21,000 20,471 1,261
32,000 27.421 0.857
L 39,000 30,774 0,739
| . 35,000 _ 37,213 1.063
364 000 35,828 04995
81,000  32.30.1  O.oba
32,000 o 32_."‘*‘1'5' l-U_lfJI"__

32,000 3. TCH 1,147



(- 28,000

L _214000.

21. 000

32,622

22,140

: 20,000 21,9%4

_.23,048

1,165
14193
1.054%

T 1.100

e . 38,000 . 29.9E53 ____0.7337
29,000 31,732 1.094
T T 244000 32,345 1.348
... ..33,000__ 32,726 0,992
27,000 26.816 04993
39,000 36,309 0.731
364000 33,23} 0.223
34,000 32,934 0+969
B 34,000 27,949 0,822
23,000 24,970 _ __1.08&
254000 21.543 0+662
i 23,000 244100 T1.048
L 17.000_ 20,691 1.217.
234000 284142 1.224
244000 29.945 1.248
29,000 28,990 14000
30. 0G0 35.176 1.173
31,000 274340 0,882
264000 25,437 1,094
14. 000 19,449 14389
16.000 12,350 0.772
... 12,0060 13,876 le.56
13,000 19,267 1,482
13,006 21,565 1.e59
254000 2,510 0,975
26,005 l.0R%

chy OCGH

50



24,000 27,458 1,144

- 31,000 30,568 B85
27.0C0 24,651 0.913
?”"W“‘fiilbéé”'”"EETEEJ""__ l.2ai
| 20,000 22.815 ___ l.141
17,000 154527 0,913

[ 18,000 14,057 0.781
L 38,000 274967 0.730
254000 194270 0.771

: 27. 000 204128 0745
| 34,000 25,173 0. 740
31, 000 27.582 0.890

) 34,000 29,700 0.874
35,000 33,865 0.6
254000 224957 0.913

38, 000 33,626 0.£85
36,000 31,973 0,388
37, 0C0O 29.1¢€6 0.789

30,000 2564753 0,593

29, 000 264456 0,912

36,000 34,320 0e953
44,000  35.812 D 614

. 504000 35,061  9.701

44, 000 38.547 Qe375
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This study predicted the performance formula for the operation of an
existing trickling filter plant. The formula was formed with the variables of
organic loading, hydraulic loading and temperature. The parameters of depth,
recirculation ratio and the characteristics of filter media were counted as
constant.

The results of the National Research Council formula, the Eckenfelder
formula and the Galler and Gotaas formula for trickling filter performance
were compared. The Galler and Gotaas formula was determined to be the one of
best fit for this plant data. The development of the performance formula was
conducted by multiple regression analysis on data collected from 1965 to 1970

from one of the existing plants in Taiwan.



