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UNIVERSITY OF NEW ORLEANS
DEPARTMENT OF CIVIL AND ENVIRONMENTAL ENGINEERING

ENCE 4323 DESIGN OF WATER AND WASTEWATER TREATMENT SYSTEMS (3 cr.)
MW 3:00 pm—4:15 pm
EN 309

Prerequisite: Introduction to Environmental Engineering, ENCE 3323 (strictly enforced).

Instructor: Enrique J. La Motta, P.E.
Office hours: MW 1:00 — 3:00 pm, EN 815 or by appointment at CERM 102
E-mail address: ¢lamotta@uno.edu
Phone: 280-6093

Student Learning Objectives:

Students who satisfactorily complete this course will be able to:

I. Apply chemical reaction engineering principles to select the most appropriate reactor
type for water and wastewater treatment depending on the respective reaction kinetics.

2. Explain the physical, chemical and biological processes taking place in water and
wastewater treatment plants.

3. Solve problems related to unit performance in conventional water and wastewater
treatment plants,

4. Prepare a preliminary design of conventional water and wastewater treatment plants, and
organize the results in a project report.

5. Work as team members and follow a prescribed work plaa.

Attendance Policy:

Attendance is required. If you cannot attend class for some reason, call the instructor or the departmental
secretary and explain why.

Required Textbooks:

Unit Operations and Processes in Environmental Engineering, Second Edition, by Tom D,
, 7 Reynolds and Paul A. Richards, PWS Publishing Company, Boston, 1996,

Water Works Engineering, Planning, Design, Operation, by Syed R. Qasim, Edward M. Motley,
and Guang Zhu, Prentice Hall, 2000,

Grading System
There will be three exams (two mid-term tests and the final exam, each with the same weight),

worth 50 percent of the grade, five assignments, worth 20 percent of the grade, and a project,
worth 30 percent of the grade.

The assignments and the project are not optional; they are mandatory. For every day of late
submission of an assignment you will lose 10 points (in a 100-point scale).



The final letter grade is computed as follows: The overall numerical grade will be divided by the
highest score in class, so that the best possible normalized score will be 100 points. 1f the
normalized score is more than 90 points the grade will be an A; from 80 - 89, the grade will be a
B; from 70 — 79, the grade will be a C; from 60 - 69, D; below 60, F.

Extra work to be completed by graduate students

Students enrolled in ENCE 4323G will be responsible for the material contained in Chapters 12
(Adsorption) and 18 (Stabilization ponds and aerated lagoons) of the textbook. Special
assignments, and questions and problems dealing with these two chapters will be given in the
final exam.

Academic Integrity

Academic dishonesty, including but not limited to, cheating and plagiarism in assignments,
exams, and project, will not be tolerated. The instructor will assign a grade of Zero or “F" on the
academic exercise (such as test, paper, project, assignment, computer program, etc.) in question.
This action is subject to the following provisos:

a. This grade will not be dropped in the calculation of the final grade.

b. The instructor will not assign the student a semester letter grade of “F” for the course,
unless the student’s semester grade calculates to “F” as a consequence of the Zero or “F”
given on the academic exercise, or unless a semester letter grade of “F” is the judgment
arrived at in a subsequent Resolution Conference or UNO Judicial Committee Hearing.
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COURSE PROJECT

This is an open-ended preliminary design of a water treatment plant for a maximum daily flow
rate of 1.55 m*/s at the end of the design period. This preliminary design will closely follow the
example presented in Qasim’s book. Therefore, read in detail pages 91-117. We will use
exactly the same hypothetical Modeltown, with the same raw water charactcristics (except that
we will have no algae, no iron and manganes) and proposed treatment facilities (except that we
will not have either taste and odor control, nor iron and manganese removal).

TASK 1: Process Layout < dpares
Draft Due 09/08/10

Your report should be a summary of pages 91-117 Qasim, adapted to the new flow rate, and it
should include diagrams similar to Figures 5-5 and 5-6.

The Evaluation Scale for this project is:

e | for Poor

e 2 for Average
e 3 for Good

¢ 4 for Excellent.

Each task will be assessed on the following elements:

e Identification of design problem

e Appropriate assumplions are made

» Calculations are complete and accurate

+ Equipment brochures are presented and used
¢ Quality and accuracy of design drawings

o Quality of technical report

The total project grade is worth 30% of the course grade. Task | is worth 10% of the total
project grade,
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Fall 2009
RAPID MIXING UNITS

Diffusion by Pressurcd Water Jets (Fig. 1)

No additional head loss by the mixer

Very effective

Controllable degrec of mixing

Low power coasumption, .

But:

- watcr must be free of suspended solids to prevent nozzle clogging,

- prone to elogging by eoagulant salts.

Design eritcria:

- Gt =400 - 1600 (1000 average)

- Minimum pressure, 0.7 kg/cm’, with mixing jet velocity, 6 - 7.6 m/s at the orificc.

In-line static mixers (Fig, 6.28)

No moving parts, no external energy to be input to the system
Very effective

Degree of mixing and mixing time are a function of flow ratc
Proprictary devices, cannot be designed by engineer

Mixing time of 1 - 3 s and maximum head loss 0£0.6 - 0.9 m
Best choice for aluminum or iron salts

- Gt =350 — 1700 (1000 average)

- Contact times between | and 3 s.

In-line blenders

G = 3000 - 5000 5™

Gt = 1500 — 5000

Power consumption for mixing (lypical) = 8.5 kwatt/m’.s (0.5 HP/mgd)

r=05-1s

Head loss through the unit = 0.3 — 1.0 m. Therefore, additional power is nceded (2.7 — 8.7
kwatt/m’.s) to overeomc this head loss.

Hydraulic jumps (Fig. 8.10)

Usually gencrated by Parshall flumes

- Coagulant added upstream of jump
- Typical G values: 800 s

- Contact time = 2 sceonds

Mecbanical flash mixing

Most frequently used in water treatment industry

G =3005s"

Mixing time: 10-30 s

Power requircments: 0.85 - | HP per MGD

Serious disadvantages:

- Lack of instantaneous mixing characteristics

- Short-circuiting

- Mixing period is too long for metallic coagulants

- Shaft problems and gear drive failures in many installations
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CALCULATION OF LIME DOSAGE FOR ALUM NEUTRALIZATION
When aluminum sulfate (alum) is added o water, the following reaction takes place:
Al(S04)314.3 H0 + 6 H;0 = 2 AKOH)3 (s) + 6H" + 35047 + 14.3 H,0
The gencration of 6H” depresscs the pH. If the pH drops too much, AI{OH); (s) will not precipitate.
Biearbonates present in natural waters secve as buffers:
HCO3y + H' = H,CO: > €O+ H,0

The overall reaction may be written as follows:

Aly(SO4)3414.3H,0 + 6H,0 = 2ANOH); (s) + 6H" + 3S04> + 14.3H,0
6HC03- + 6H* = 6C02 + 6H20
Al;(S04)3414.3H,0 + 6HCOy = 2A)(OH); (s) + 350,” + 6CO, + 14.311,0

Therefore, for cvery mole of alum (600 g), 6 moles of alkalinity (I11CO5’) arc consumed.

1 eq 9 100 g CaCO, y 1 mole CaCO,
mole HCO; mole CaCO, 2eq
Alkalinity consumed = 300 g as Ca CO,

Alkalinity consumed = 6 moles HCO; x

Hence, 600 g of alum consume 300 g of alkalinity as CaCO,. Thercfore,

| I mg/l of alum consumes 0.5 mg/l of alkalinity as CaCO. |

1f water does not have sufficient alkalinity, must supplement alkalinity by adding lime, Ca(OH),:

Al(S04):014.3H,0 + 61,0 2A)(OH); (s) + 6H" + 350,% + 14.311,0
3Ca(OH), + 6H" = 3Ca” + 61,0
Aly(SO4)3=14.3H,0 + 3Ca(OH); 2AI(OH); (s) + 3Ca”" + 3504" + 14.3H,0

il

Therefore, we nced 3 molces of lime for every molc of alum to be neutralized, or

3 moles lime x 74 g lime
mole lime _ 0.37g lime
1 mole x %ﬂ g alum
mole alum
Example Assumc an alum dosagc of 50 mg/L., watcr alkalinity = 10 mg/L as CaCO,. Find the

chemical consumption for a trcatment plant with a flow rate of 100 L/s.
Solution:
Only 2 x 10 mg/L. of alum will be neutralized by the cxisting alkalinity. Therefore,
50 — 20 = 30 mg/L. of alum must be neutralized with lime.
mg alum %037 mg lime S 1L mg lime

Lime dosage = 30
mg alum
1fQ =100 L/s:
Alum consumption = 50 mg/L x 100 L/s x 86400 s/d x 1kg/10° mg = 432 kg/d

Lime consumption = 11.1 mg/L x 100 L/s x 86400 s/d x 1 kg/10° mg = 96 kg/d



Design example of a rapid mixing unit

The water supply for a town is taken from a river with considerable variations in quality. The raw water analyses
for a year are shown in Table 1, with typical coagulant doses obtained from jar tests, The design flows for 24-h

operation are: average day = 43.8 L/s, maximum day = 65.7 L/s. Design the rapid mixing unit for this plant.

Table 1. Data for design, river source

Per cent occurrence

Parameter 11 34 28 13 9 3 2

Raw Water | Turbidity, ntu 28 45 81 126 140 180 >200

Analyses | Alklinity, mg/L as CaCO, 86 132 92 84 93 77 82
Temperature, °C 13 10 8 18 18 16

Alum, mg/L 18 27 36 28 41 31 36

Jar Tests 1= 64| 6.7 6.4 64| 64 6.2 6.4




ENCE 4323
TYPICAL FIRST-EXAM PROBLEMS
(Time available for each problem: 20 minutes)
SPRING 2009

The exam will have two problems very similar to the problems presented below (35 points each),
and a set of 5 questions taken from your reading assignments (6 points each). The exam will be
open book, open notes.

1.

Two CSTRs connected in series give a total conversion x with a second-order reaction,
The conversion in the first reactor is 85 percent, and the influent reactant concentration is
100 mg/L.. Batch reactor tests on the same reaction gave a reactant half-life of 2 seconds
with the same initial concentration (half-life 1s the time required for the concentration to
drop to one-half or the original value). If the holding time in the second CSTR is 100
seconds, find the average retention time in the first one and the total conversion x. Answ:
1,=756s;x=0.954

In a jar test to determine the proper coagulant dosage, a 1-liter jar with 600 ml of water is
stirred with a 12-mm x 50-mm flat blade. The blade is mounted at the end of a vertical
shaft which divides the blade in two identical arms, each with a blade 12-mm x 25-mm.
Assuming r = 1.0 g/cm3 and m = 10-2 g/cm.s, find the rotational speed needed to obtain a
velocity gradient of 60 s-1. Answ: 128 rpm.

Show that for any reaction kinetics N plug flow reactors connected in series are
equivalent (i.e., they give the same conversion) 10 a single PFR whose volume is equal to
the sum of the volumes of the N rcactors. The N PFRs would process the same flow rate
as the single PFR.

A jar 1est (a batch reactor where orthokinetic flocculation takes place) yields the results of
turbidity remaining as a function of time given by the following equation:

In f=- 032044 ¢ , where fis the fraction of turbidity remaining in suspension afier ¢
minutes. Assuming that the same kinetic constant would be observed in a full-scale
treatment plant, calculate the detention time you need to achieve 80% turbidity removal

1



10.

using
a) A plug flow reactor. Answ: 5.02 min.
b) A single CSTR. Answ: 12.48 min.

To design a reactor several laboratory tests are run using a completely mixed reactor with
a constant holding time of 100 seconds. The experimental results of these tests are the
following:

CAQ, 629 841 1262 2516 5018
mg/l
CA,mg/ |4 8 12 16 18

Find the residence time needed in a CSTR to obtain a conversion of 90 per cent if the
influent reactant concentration is 20 mg/l. HINT: Plot 1/rA vs. CA. Answ: 3.2 sec.

A water treatment plant has a single mechanical flocculator (assume CFSTR) with a
detention time of 30 minutes. Its orthokinetic flocculation efficiency is the same as tbat
obtained in a jar tesl apparatus (assume batch reactor) after a reaction time of 5 minutes.
Find tbe flocculation efficiency. Answ: 94.6%

Determine the number of completely mixed chlorine contact chambers each having a
detention time of 30 minutes that would be required in a series arrangement to reduce the
bacterial count of a polluted water sample from 106 organisms/mL to 14.5 organisms/mL
if the first-order removal rate constant is equal to 6.1 h-1. 1f a plug-flow chlorine contact
chamber were used with the same detention time as the series of completely mixed
chambers, what would the bacterial count be afier treatment? Answ: N =8; Count=2.5
x 107 bacteria.

A 14-m wide, 18-m long, 4-m deep flocculator is equipped with a two-arm rotor to mix
440 I/s. The power consumed 10 move the rotor is 0.126 kw (1 watt = 1 kg m2/s3). Each
rotor arm has two rectangular blades with the following velocities relative to the liquid:
the internal one, 0.3 m/s, and the external one, 0.43 m/s. Assuming p = 1.0 g/cm3 and
= 10-2 g/cm.s, find the total paddle area. Answ: A = 6.23 m”.

A first-order reaction takes place in a CFSTR operating with a detention time of | hour.

The conversion in this reactor is the same as that in a PFR operating with the same flow

rate but with a retention time of 10 minutes. Find the kinetic constant. Answ: k = 0.292
o

min

A second order reaction takes place in two CSTRs connected in series. The influent
reaclant concentration in the first reactor is 120 mg/L. Batch reactor tests on the same
reaction gave a reactant half-life of 1 second with an initial concentration of 100 mg/L
(half-life is the time required for the concentration to drop to one-half of the original
value). If the holding times are 75 seconds in the first reactor, and 100 seconds, in the

2






1.

12.

13.

second CSTR, find the effluent concentrations in the first and in the second reactors.
Answ: Cay =12 mg/L; Caz =3 mg/L..

The specific gravity of the particles being removed in a settling tank is 1.001 at 10°C.
The tank overflow rate is 172.8 m3/m2.d. Find the diameter of the smallest particle that
is 100% removed if is assumed that the particles are spherical. Answ: d =0.25 cm.

The chart below shows the results of a discrete-particle settling test. Find the settling
efficiency of an ideal tank operating at an overflow rate of 259.2 m/d. Answ: 75%.

.f
0.8 - —
} 0.7 E—

0.6 *

0.5 : ]

0.4

0.3 —

0.2 4

0.1 +—

Fraction of particles with settling vel.
<Vs

0 . 1 4 1 I 1 I 1 1 i Il 1 1 i 4 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0,14 0,16 0.18 0.2
Settling velocity, Vs, m/min

A flocculation tavk has the following dimensions: length = 5 m, width = 4 m, depth = 3
m. The rotor consists of a single arm with three blades assembled as shown in the skelch
below. Find the value of the paddle radius r required to get a value of G = 50 s-1 using

the following constants: u = 1.6 x 10-3 kg/ms; n=5rmpm, CD = 1.8; k=0.25; p= 1000

kg/m3. Answ: r=1.45m
3.0m

0.3 m




14. A suspension of discrete particles having an average density of 1400 kg/m3 is to be
treated in a settling tank designed for an overflow rate of 25 m3/m2.d. For the particle
size distribution given below, determine the fraction removed. Anw: 0.46.

Particle Effective Mass Fraction
Diameter, mm
0.010 0.10
0.015 0.20
0.020 0.25
0.025 0.15
0.030 0.05
0.035 0.15
0.040 0.05
0.045 0.05

15. Find the dimensions of a sedimentation tank to remove 100 percent of spherical particles
0.5 mm in diameter, with specific gravity of 2.5. The liquid temperature is 10°C,
Assume the flow rate through the tank is 100 L/s and that the horizontal velocity is 0.30
m/s. 1f you needed to change one of the design parameters provided, which one would
you change? Anw: L =3.6 m; W = 0.55; D = 0.6 m. Change horizontal velocity to
between 3.0 to 4.5 m/min.

16.  Determine the removal efficiency for a sedimentation basin designed with a critical
velocity of 6.5 ft/h in treating a river water containing discrete particles whose settling
velocities are distributed as given in the table below. Answ: 78%

Settling 0.0- 1.5 - 30- 45 - 6.0 - 7.5- 9.0 - 10.5 -

Vel, ftth [ 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0

Number of | 20 40 80 120 100 70 20 10
particles

17.  The specific gravity of the particles being removed in a settling tank is 2.5 at 20°C. The
average parlicle diamneter is 1.0 mm. Initial graphical estimation indicates that the particle
settling velocity is greater than 0.1 m/s, and that therefore, the particle settles in the
transition region. Assuming spherical particles, find the settling velocity. Answ: 0.165
n's.

18.  Determine the theoretical power requirement and the paddle area required to achieve a G

value of 50 s-1 in a flocculation tank with a volume of 3000 m*. The mechanical
tlocculator consists of a paddle wheel with two arms, each with one blade parallel to the
shaft. Assume the water temperature is 15°C, the coefficient of drag is 1.8, the paddle
linear velocity is 0.6 m/s, and the relative velocity of the paddle with respect to the fluid
is 75% of the linear velocity. Answ: Power = 8543 watt; A = 104.3 m’.
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ENCE 4323
Old second exam problems

Calculate the head loss through a clean sand filter with a gradation defined by the sieve analysis
given below at a filtration rate of 0.0027 m/s. The bed has a depth of 0.70 m with a porosity of
0.42 and the grains of sand have a sphericity of 0.75. Assume the kinematic viscosity is 1.306x10"
6

m°/s.

Sieve designation number | 8 12 16 20 30 40 50
Size of the opening, S, 2.38 1.68 1.19 [0.84 10.59 |042 |0.297
mm

Fraction of sand retained |0 0.02 025 |047 [0.24 (0.02 |O

Answ. Head loss = 0.31 m

The following are the turbulent and clean laminar head losses in a rapid granular filter operated
under declining rate conditions:

- Sand: hf, = 53.1560 V
- Anthracite: hf, = 15.1460 V
- Drainage piping: hfy = 1441.9000 V2
- False bottom: hfy, = 0.7262 V?
- Valves and fittings: hf, = 1510.0200 V2

In all these expressions V is the filtration rate in m’/s per m’>. The maximum available head for
filtration is 1.15 m, and the dirty-filter head loss at the minimum filtration rate of 12,538 cm/min
is 0.7666 m. Find the additional turbulent head loss that must be introduced by an orifice plate in
the influent pipe to balance the filter hydraulics. Answ. Orifice head loss =0.37 m

The turbulent and clean laminar head losses in a rapid granular filter operating under declining
rate conditions are the same as those given in problem 2. The maximum available head for
filtration is 1.15 m. If the average filtration rate is 20 cm/min, the minimum filtration rate is 70
per cent of the average rate, and the maximum filtration rate, controlled by an orifice plate, is 1.3
times the average rate, find the dirty-filter laminar head loss.

Answ.: Dirty-filter laminar loss = 0.902 m.

. Arapid sand filter has a sand bed 76.2 cm deep, with an initial porosity = 0.41. Pertinent

data are:
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Sieve size | % Weight | Particle size | Settling Velocity
Retained (m) m/s
14-20 0.44 0.0010060 0.15252
20-28 14.33 0.0007111 0.10671
28-32 43.22 0.0005422 0.07747
32-35 27.02 0.0004572 0.06206
35-42 9.76 0.0003834 0.04854
42-48 4,22 0.0003225 0.03752
48-60 0,54 0.0002707 0.02847
60-65 0.29 0.0002274 0.02134
65-100 0.13 0.0001777 0.01391

Find the depth of the expanded bed if the backwash rate is 10.3 L/s.m2 Answ: L=1.33 m

A completely mixed activated sludge plant works under the following conditions: influent
flow rate = 60 000 m3/d, primary effluent VSS concentration = 100 mg/L, aerator volume =
8000 m3, MLVSS = 1800 mg/L, final clarifier effluent VSS = 60 mg/L, biomass production in
the reactor = 0.5 kg VSS/m3.d, recycle sludge concentration = 12000 mg/L. Find the recycle
flow rate, and the sludge wastage flow rate, assuming that the sludge is wasted from the
recycle line. [fthe settling tank volume is 4000 m3, find the solids retention time. (Problem
1 was solved in class)

The head losses in a clean dual-media filter operating under declining rate conditions are the

following:
- Laminar, clean filter: hL = 78V
- Turbulent losses: hT = 3000V2

In all these expressions V is the filtration rate in m3/s per m2. The maximum available head
for filtration is 3.0 m. An orifice plate is placed in the influent pipe to limit the maximum
filtration rate. The minimum filtration rate is 2.7 x 10-3 m/s, and the dirty-filter laminar loss
at the minimum filtration rate is 2.0 m. What is the orifice loss at the maximum filtration
rate? The minimum filtration rate is 0.0027 m/s. Answ.: Orifice loss = 2.6 m,

The initial bed depth in a rapid sand filter is 1.0 m and the initial sand porosity is 0.43, The
elevation of the edge of the wash water troughs, through which the wash water overflows
into the trough, is 0.35 m above the sand surface. If all particles had a uniform size and the
backwash rate is 0.35 cm/s, find the particle size of the largest particle that will be washed
off into the troughs during filter backwash. Assume a water kinematic viscosity of 1.3101 x
10-6 m2/s, Richardson and Zaki n = 4.5, and a sand specific gravity of 2.5. Answ.: 0.03 cm.
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A completely mixed activated sludge plant works under the following conditions: influent
flow rate = 50 000 m3/d, primary effluent SS concentration = 150 mg/L, aerator volume =
8000 m3, settling tank volume = 4000 m3, MLSS = 3000 mg/L, final clarifier effluent SS = 25
mg/L, recycle sludge concentration = 10 000 mg/L, solids retention time = 3 days. Assuming
that the sludge is wasted from the recycle line, find the sludge recycling flow rate. Answ.: Qg
=19714 m3/d.

The head losses in a clean dual-media tilter operating under declining rate conditions arc the

following:
- Laminar, clean filter: hy = 78V
- Turbulent losses: hr = 3000 V2

In all these expressions V is the flltration rate in m3/s per m2. The maximum available head
for filtration is 3.0 m. An orifice plate is placed in the influent pipe to limit the maximum
filtration rate. The minimum filtration rate is 2.7 x 10-3 m/s, and the dirty-filter Jaminar loss
at the minimum filtration rate is 2.0 m. What is the orifice loss at the maximum filtration
rate? Answ.: 2.6 m.

A rapid sand filter has a 76.2-cm deep sand bed with an initial porosity of 0.41, Pertinent
data are given in the table below. Find the depth of the expanded bed if the backwash rate is
10.2 L/s.m2.

Sieve | % Weight |Particle size|Settling Velocity,
size Retained (m) m/s

(Tyler) -
14-20 0.44 0.0010060 0.15252
20-28 14.33 |0.0007111 0.10671
28-32 43.22 10.0005422 0.07747
32-35 27.02 |0.0004572 0.06206
35-42 9.76 0.0003834 0.04854
42-48 4.22 0.0003225 0.03752
48-60 0.54 0.0002707 0.02847
60-65 0.29 0.0002274 0.02134
65-100 0.13 0.0001777 0.01391
Answ.: 1.32 m,

A completely mixed activated sludge plant works under the following conditions: influent
flow rate = 50 000 m3/d, primary cffluent SS concentration = 150 mg/L, aerator volume =
8000 m?3, settling tank volume = 4000 m3, MLSS = 3000 mg/L, final clarifier effluent SS = 25
mg/L, recycle sludge concentration = 10 000 mg/L, solids retention time = 3 days. Assuming
that the sludge is wasted from the recycle line, find: (a) the sludge recycling flow rate.

Answ.: 19614 m3/d, (b) the sludge wasting flow rate, Ans.: 1077.7 m3/d.




2008

A water filtration plant produces 1.5 m3/s at an average filtration rate of 12.50 m3/h.m?2
when all units are operating; the filtration rate increases to 14,29 m3/h.m2 when one unit is
out of service for backwashing. Each unit is backwashed for 7 minutes every 24 hours at a
backwash rate of 48.9 m/hr. Find the following: (a) The number of filtration units. Answ.: N
= 8 (b) The percentage of filter output used for backwashing. Answ.: 1.9%. (c} If the dual media
is composed of anthracite with uniformity coefficient = 1.5, and sand, find the uniformity
coefficient of the sand if it desired to have at least 15 cm of media intermixing after filter
backwashing. Answ.: UC = 1.54,

The thickness of the gravel, sand, and water layers in a rapid sand filter are 0.6 m, 1.0 m, and 1.5
m, respectively. When the filter is backwashed at a constant rate of 60 cm/min all the sand is
fluidized, and the head loss through the false bottom is 60 cm.

A. What is the head loss through the sand and the gravel? Answ.: 1.12m

B. Assuming the backwash rate is increased to 75 cm/min, what is the total head loss through
the sand, gravel and filter bottom? Assume that the backwash flow is laminar through the
gravel, and turbulent through the false bottom. Answ: 2.09 m



head for filtration is 1.15 m. If the average filtration rate is 20 cm/min, the minimum
filtration rate i3 70 per cent of the average rate, and the maximum filtration rate is 1.3 times
the average rate, find the dirty-filter laminar head lossg aden M.(uj Hoere 7S ann owpc ‘ce

I‘M .
PART B

Answer the following questions in the space provided:

a) How do you determine the size of individual gravity granular filters?
F.jsz o Planada C‘T\-ﬂ-&q , f.'h’rw&.'ovw nale & ¥ oar tneiFs eosrect
Moy 524 ,.5 ;nd)vr'M aanats ,Hf & 4o a0t . Mo t'-"P'.c-‘? < zrom®

b) Give two advantages and two disadvantages of direct filtration.
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c) How can you achieve coarse-to-fine granular beds in filters back washed by media
fluidization and expansion?

e dual mwrdia ; anthmel (l:’gkﬁa ,coarrey | & Sod (f!.m(’bﬁf,'q)

d) How can you avoid the formation of raud balls in granular filters? Explain.
Arr v wmds, boedwaod

e) What is the difference between free residual chlorination and combined residual chlorina-
tion?

Free aes) puad - 0™ + HOCE
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I
October 13, 2010 Name: L)Onr /1 Jr e, ///, V)

Instructions:
The test is open book, open notes. Time available: 1 hour, Complete both parts A and B.
PART A
Solve only two of the following three problems:
1. A flocculation tank has a vertical shaft with a paddle wheel consisting of a single arm with three blades
assembled as shown in the sketch below. The tank has the following dimensions: length =6 m, width=6
m, water depth = 4.0 m. Find the value of the paddle radius r required to get a velocity gradient G = 60 s

using the following constants: u=1.6 x 10” kg/m.s; w =7 rpm; Cp = 1.8; k =0.25; p = 1000 kg/m’

7 rpm #0.3 m

0 p
x
. ".
|
@ 35m
o
LS ]
@
I —
! r ]0.3
2. A first order reaction takes place in two CFSTRs connected in series. The influent reactant concentration

in the first reactor is 200 mg/L.. Batch reactor tests on the same reaction, with an initial concentration of
150 mg/L, gave a reactant half-life of 1.5 seconds (half-life is the time required for the ¢oncentration to
drop 10 one-half of the original value). If the mean detention time in the first reactor is 150 seconds and
100 seconds in the second CFSTR, find the effluem concentrations in the first and in the second reactors.

3. A suspension of discrete particles having an average density of 1500 lrcg/m3 is to be treated in a settling tank

designed lo remove 100% of particles with a diameter = 0.038 mm. The particle settling velocity
distribution is Elven below. Find the total fracuon of particles removed. The liguid kinematic viscosity is
1.3101x10° m%s, and the density is 1000 kg/m”.

Panicle settling velocity, nvs Mass Fraction
25x 1070 0.10
5.2x10° 0.20
9.2x 10° 0.25
13.8x 10 0.13
212 x 107 0.05
293 x 107 0.15
36.0x 107 0.05

493 x 107 0.05
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1. If vou have a first order reaction, what type of continuous flow reactor would you recommend if you
(’.7 want to minimize the reaclor size for a given conversion? Explam
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2. What is the main dlfference between primary and secondary drinking water slandards"
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3. Can you remove colloidal particles by plain sedimentation? Give a brief explanation.
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4, What is 1apered flocculation and how do you achieve it? . : p
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5. Briefly explain how high rate setiling works.
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ENCE 4323
0ld second exam problems
1995

@ Calculate the head loss through a clean sand filter with a gradation defined by the sieve
analysis given below at a filtration rate of 0.0027 m/s. The bed has a depth of 0.70 m with
a porosity of 0.45 and the grains of sand have a sphericity of 0.75. Assume the kinematic
viscosity is 1.306%10¢ m¥/s.

Sieve designation number 12 16 20 30 40 50
Size of the opening, S, mm 1.68 1.19 {084 | 059 {042 |0.297
Fraction of sand retained 0.02 025 |047 |0.24 |0.02

2. The following are the turbulent and clean laminar head losses in a rapid granular filter

operated under declining rate conditions:

- Sand: hf, = 53.1560 V o
- Anthracite; hf, = 15.1460 V } 48,302 V lrvtes
. Drainage piping; hf; = 1441.9000 V2 I\ .

- False bottom: W, = 0.7262 V2 J 2952.65 V

- Valves and fittings: e, = 1510.0200 V?

In all these expressions V is the filtration rate in m*s per m®>. The maximum available head
for filtration is 1.15 m, and the dirty-filter head loss at the minimum filtration rate of 12,538
- ¢m/min is 0.7666 m. Find the additional turbulent head loss that must be introduced by an
orifice plate in the influent pipe to balance the filter hydraulics. Plot at least five points of
the dirty-filter laminar head loss and the total turbulent loss (drainage piping, false bottom,

valves and fittings, and orifice plate) curves.

@ The turbulent and clean laminar head losses in a rapid granular filter operating under
declining rate conditions are the same as those given in problem 2, The maximum available
head for filtration is 1.15 m. If the average filtration rate 15 20 cm/min, the miumum
fltration rate is 70 per cent of the average rate, and the maximum filtration rate is 1.3 times "
the average rate, find the dirty-filter laminar head lossgsdt m.,j f&w—e S a~ ov F: ce
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ENCE 4323 FIRST EXAM

November 24, 2004 Name: E ‘ Za M o'fk

Instructions:

a) The test is open book, open notes.
b) b) Time available: 1 hour.
) Complete both parts A and B.

PART A

Solve only two of the following three problems:

1. A completely mixed activated sludge plant works under the following conditions: influent
flow rate = 60 000 m3/d, primary effluent VSS concentration = 100 mg/L, aerator volume
= 8000 m3, MLVSS = 1800 mg/L, final clarifier effluent VSS = 60 mg/L, biomass
production in the reactor = 0.5 kg VSS/m3.d, recycle sludge concentration = 12000 mg/L.
Find the recycle flow rate, and the sludge wastage flow rate, assuming that the sludge is
wasted from the recycle line. If the settling tank volume is 4000 m3, find the solids
retention time.

2 The head losses in a clean dual-media filter operating under declining rate conditions are

the following:
- Laminar, clean filter: by, = 78V
- Turbulent losses: hy = 3000 V?

In all these expressions V is the filtration rate in m%s per m*. The maximum available head
for filtration is 3.0 m. An orifice plate is placed in the influent pipe to limit the maximum
filtration rate, -The dirty-filter laminar loss at the minimum filtration rate is 2.0 m. What
is the orifice loss at the maximum filtration rate? 7Ae s /n X /frmlion rali ;s 2.7x 167 m [¢

3. The initial bed depth in a rapid sand filter is 1.0 m and the initial sand porosity is 0.43.
The elevation of the edge of the wash water troughs, through which the washwater
overflows into the trough, is 0.35 m above the sand surface. If all particles had a uniform
size and the backwash rate is 0.35 cm/s, find the particle size of the largest particle that
will be washed off into the troughs during filter backwash. Assume a water kinematic
viscosity of 1.3101 x 10 m?/s, and a sand specific gravity of 2.5. n= 4.€
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ENCE 4323 SECOND EXAM
November 22, 2006 Name: £.LaMots

Instructions: The test is open book, open notes. Time available: 1 hour Complete both parts A
and B.

PART A (70 points)
Solve only two of the following three problems:

l. (35 points) A completely mixed activated sludge plant works under the following
conditions: influent flow rate = 50 000 m*/d, primary effluent SS entration v‘ Kot nrede
mg/L, aerator volume = 8000 m’
final clarifier effluent SS
- retention time = 3 days. Assun
the sludge recycling flow rate.

settling tank volume = 4000 m”, S = 3000 mg/L,
» recycle sludge concentration = 10 000 mg/L, solids
Ing that the sludge is wasted from the recycle line, find

No+ uneded

2, (35 points) The head losses in a clean dual-media filter operating under declining rate
conditions are the following:

- Laminar, clean filter: he = 78V
- Turbulent losses: h 3000 V2

il

In all these expressions V is the filtration rate in m’/s per m®. The maximum available
head for filtration is 3.0 m. An orifice plate is placed in the mfluent pipe to limit the
maximum filtration rate. The minimum filtration rate is 2.7 x 10~ m/s, and the dirty-filter
laminar loss at the minimum filtration rate is 2.0 m. What is the orifice loss at the
maximum filtration rate?

3. (35 points) The initial bed depth in a rapid sand filter is 1.0 m and the initial sand porosity
is 0.43. The elevation of the edge of the wash water troughs, through which the
washwater overflows into the trough, is 0.35 m above the sand surface. [f all particles
had a uniform size and the backwash rate is 0.35 cm/s, find the particle size of the largest
particle that will be washed off into the troughs during filter backwash. Assume a water
kinematic viscosity of 1.3101 x 10 mzls, a Richardson and Zaki exponentn=4.5, and a
sand specific gravity of 2.5.
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ENCE 4323 SECOND EXAM
November 22, 2010 Name: \)n/ / ,‘"/ :f‘.”;".c-' /rﬂ 7
Instructions: The test is open book, open notes. Time available: 1 hour. Complete both parts A
and B.
PART A (70 points)
Solve only two of the following three problems: -~

-

735 (35 points) A rapid sand filter has a 60-cm deep sand bed with an imitial porosity of 0.40.
5g/ Pertinent data are given in the table below. Find the depth of the expanded bed if the

e backwash rate is 48.9 mfh assummg Richardson and Zaki’sn =045, o7
8\ 29 Ly 5l B.01%58 7Y -
’ , ) : lSlcve 5;1j 25-Mass | Gcomemc Benhng Veloc:ty | ] # ‘J—i
Y (Tyler) | Retained Mcan‘ ! m{s / A F’I'._;,),_
_ 2 Particle size /.”,/ g /’ Los
N 7'('- {f' | i ' {m) ) i
/i) 1420 | 0.4479 0.0010060 | 0.15252 0, 53426 | @.01052
Rl el 1 20-28 10,1433 | 0.0007111 | 0.10671 in?,_ {7 & & 5% 77
ST AT 28-32 16,4322 | 0.0005422 0.07747 \ 0,8 79167 [, 297/
/ 7, : /4 13235 .»),27,02 0.0004572 | 0.06206 wf/; u" (1 MmIY30)
s 35-42 10,09,76 | 0.0003834 | 0.04854 |0, 7535 /| AL7C94
4248 100422 | 0.0003225 0.03752 0,7979 / 0. 2089
48-60 | 110,54 0.0002707 0.02847 0,.843%6 /| 0.0 354/ -
60-65 |7.70.29 | 0.0002274 002134 | 2. 9045 Y 10.0%03%6 %
65-100 17,7013 | 0.0001777 | 0.01391 0.994F | O. 29217
& |2 602
2. (35 points) A completely mixed amvmed sludge plant works under the fo]lowmg

3L

s

conditions: influent flow rate = 60 000 m*/d, primary cffluemt SS concentration = 120

mg/L., acrator volume = 10 000 mj, settling tank volume = 8000 m}, MLSS = 3500 mg/L,

final clarifier effluent SS = 20 mg/1,, recvcle sludge concentration = 12 000 mg/L, solids

retention time = 5 days. Assuming that the sludge is wasted from the recycle line, find:
7 (a)the sludge recycling ratio, (b) the biomass growth rate.

3.7 (35 points) The head losses in a clean dual-media filter operating under declining rate
n,0075 A conditions are the followmg Laminar, clzan filier, hy= 85 V; turbulent losses, excepl the
orifice loss, h1 = 3500V In all these expressions V is the filtration rate in m’ s per m?>
. The maximum avallablc head for filtration is 2.5 m.” An orifice plate is placed in the
influent pipe to limit the maximum filtration rate. After the orifice is installed, the
minimum fitration rate is 15 cm/inin, and the dirty-filter laminar loss is 1.5 m. What is

-~ l/"
v/ re

the orifice loss at both the mlmmum and maximum ﬁllratlon rates? o . 345/,/“
b pd [ Pt 1 =)
, ‘ P e + 3500/m onze Y+ 2 {(2wes] o K o T
DA AN AR VirlE] 2.5 1+ 3500(0.0025)" #o (2275) = K,
’ [ / 1
f: S N N i /.r + 4{ & {f‘ (¢ lngg — _/ . /(,Z e |/
f,.g[{f/-’” | et \ fr'” 1 Gl { e /55’, : ~ /]
o a | _ : - £ i | i T e A 7_‘_: Ve /9 !C]/ sl o
7 e G FEr N / R : ., - LEHEMNONZY | =LY o
/ '3 'éj ‘\VF’AF / f -,/‘I:OOK\'{’/ / f /‘6 '4 axl | . f 4"’){ L 0/ g —— T ! 4
16000y » 4 gy, 25 ffon L tnsg Y
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PART B (30 points) < 430 )
e

Answer the following questions (6 points each) in the space provided:

i Give al least three differences between rapid sand ftlters and slow sand filters.
4‘ - "4 I ///(/( "///C/‘ $ S r///f’/ 5’{’( & 40 ./
L Y bockiaihe o .
/Dtt/ /(/1(’/; /?K’ /" / SIE, (/ L Fa ff A A --'A";,.-' ’V,'
rlEan '-/ aAs oY (/w e //// o, Ciac
/ 7/ ;N 4 / . o
‘,f'!f‘_’d g A/ A rl . flflf re Lan '//cf(’(’ g5 Moy //) s f’/f / ’/f’f s ('/tﬂ as - f—// e
h “ I //Y" e 'f/'{/'/”': ‘wr :53/,./(
2. Give at least two advantages of the completely mixed activated sludge system over the -
0 conventional and tapered aeration processes.
—T - py 7 a2
@ﬂ" yl‘ {/ C[ e v,‘ill l! ; }'/{-h (fr ﬂ/z}?‘{/’ :r.‘ - A? 4’/ /!
CONCOnT valivn ol

el % el

2F = ‘Hf&l@___ | ‘o by 4 // i Slies z\“ﬁwr/ ‘i1
Y S Fa— ,
& ‘6’? all o—r[fu’m FECL cfé ﬁm@ﬂ
3. What is an oxidation diich?
- ! L/ : / 4
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o s /
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4. Would you use the NRC formula to design a plaslic media (rickling filter tower?
. (L ) / /.
O Explaln' //(.’ '/{];’ )T '/—0/7 e 4 '//' y! //-f ’” - /'ﬂ-"? /’/—'J; & h RS ’:i/_‘ =
Sec p . 53&
5. Why do you need a grit chamber in a wastewater treatment plant? Explain.
T r A 4 '
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ENCE 4323

0Old Final Exam Problems

In addition to the problems given for the first and second exams, the following are typical
final exam problems:

F95-3. A conventional activated sludge plant must treat a primary effluent flow rate of

4000 m’/d, with a soluble BODs of 200 mg/l. The organic loading in the aerator
is 0.3 kg BODs/(d.kg VSS), and the ratio V/Q is 6 hours. Find the concentration
of volatile suspended solids in the aerator. T

F96-3. A sand filter has the following characteristics: size of sand particles = 0.5 mm

[FO3P-

7l

/" FO4-1

(uniform), density of sand = 2600 kg/m?, depth of filter bed = 0.6 m, bed porosity
= 0.4, water density = 998.2 kg/m’, particle density = 2600 kg/m’, particle
Reynolds Number = 34.71,
a) Determine the required backwash velocity 10 expand a granular-medium
i bed to a porosity of 0.7.
+b) Determine the depth of the expanded bed.

+ 0 FO3-1 A wastewater treatment plant is planning to provide for separate anaerobic sludge

digestion for its primary sludge. The plant receives an influent wastewater with
the following characteristics: Avcrage flow = 8000 m /d. Amount of suspended
solids removed in the primary sedimentation = 200 mg/L. Volatile matter in the
settled solids = 75% by mass., Water in unireated sludge = 96% by mass. Specific
gravity of mineral solids = 2.6. Specific gravity of organic solids = 1.3. Find the
required digester volume using an SRT of 12 d.

1 A wastewater treatment plant is planning to provide for anaerobic sludge
digestion for a mixture of primary sludge and waste activated sludge. The raw
sludge characteristics are the following: Primary sludge: Specific gravity =
1.003; Solids concentration = 3.4 % by mass; Design flow =420 m /d Waste
activated sludge: Specific gravity = 1.005; Solids concentration = 0.23 % by
mass; Design flow = 2500 m/d. The mixture of raw primary and waste sludge
has specific gravity = 1.002, and it is sent 1o a thickener to increase the solids
concentration to 3.5% by mass. Calculate the percent reduction in sludge volume.
Please explain and justify any reasonable assumptions you make. '

Determine the liquid volume of sludge before and afier digestion and the
percent reduction for 500 kg (dry basis) of primary sludge with the following

characteristics;

Primary ( Digested
Solids % 5 10




F04-3

F04-4

FOsC.

$07-2

Volatile matter, % 60 60 (destroyed)
Specific gravity of fixed solids 2.5 2.5

Specific gravity of volatile solids =1.0 =1.0

Three completely mixed reactors are connected in series, and the system removes
99.998% of the first reactor influent reaclant concentration. In these reactors, the
reactant is removed by a first-order reaction (k =3 d'). The last two reactors are

identical and have a detention time of 7 days each one. Find the detention time in
the first reactor. '

A conventional activated sludge plant must treat a primary effluent flow rate of
3000 m’/d, with a soluble BODs of 100 mg/l. The organic loading in the aerator
is 0.5 kg BODs/(d kg VSS), and the hydraulic retention time is 5 hours. Find
the concentration of volatile suspended solids in the aerator. .

The Marrero wastewaler treatment plant generates a total sludge flow rate of
31,408 gal/day, which is sent to the three aerobic digesters. Sludge is pumped out
10 the belt filter presses (sludge dewalcring units) just from Monday through
Friday, at such a rate that all the sludge generated in onc week (seven days) is
removed from the digesters by Friday. When sludge pumping to the belt presses
starts on Moday the digesters are full at a total volume of 1,030,378 gallons. Find
thc mean sludge holding time.

A conventional surface-water plant with coagulation, flocculation, sedimentation,
and filtration produces a filtered water with a turbidily less than 0.3 NTU, pH 7,
and temperature of 10°C at design flow of 2.5 mgd. After filtration, the water is
chlorinated in a bafTled reservoir with a contact time of 56 minutes.

{ What is the required frec chlorine residual concentration?

if the plant were direct filtration without sedimentation, what would be the

required free chlorine residual concentration?

A tank initially contains 200 m’® of water; however, due 1o a leak, 50 m*® are lost
after 2 hours. The rate of water loss is directly proportional to the square of the
water volume remaining at any time. To compensate for the loss some water was
added, but afler 3 hours the water volume had been reduced to 150 m®, How
much water was added to the tank? -



Solve only three of the {ollowing problems.

Determine the liguid volume of siudge before and after digestion and the percent reduction for 500 kg (dry basis)
of primary sludge with the following characteristics:

Primary | Digested
Solids % 45 9.0
Volatile matter, % 60 50% is destroyed
Specific gravity of fixed solids 2.5 2.5
Specific gravity of volatile solids 1.0 1.0

The turbulent and clean laminar head losses in a rapid granular filter operating under declining rate conditions are
the following:

- Sand: hf, = 532V
- Anthracite: hf, = 152V
- Drainage piping: hfy = 14419 V?
- False bottom: ht, = 0.7 V?
. Valves and fittings: h, = 1510.0 V?

In these equations, the head loss is in m, and the filtration rate, V, is in m/s. The maximum available head for
filtration is 1.50 m. [fthe average filtration rate is 20 cm/min, the minimum filtration rate is 70 per cent of the
average rate, and the maximum filtration rate is controlled by an orifice plate, find the dirty-filter laminar head
loss.

A tank initially cantains 200 m® of water; however, duc to a leak, 50 m® are lost after 2 hours. The rate of water
loss is directly proportional to the square of the water volume remaining at any time. To compensate for the loss
some water was added, but after 3 hours the water volume had been reduced 1o 150 m*, How much water was
added to the tank?

The detention time in an ideal clarifter is 1.5 h, and its depth is 12 fi. If a full-length movable tray is set at 2 depth
greater than § feet below the water surface, determine the percentage of discrete particles with a settling velocity v,
=3 fU/h that are removed. Plot removal efficiency (%) vs. depth (f).
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PART B

Solve the following three problems. This part is closed book, closed notes.

1.

The Marrero wastewater treatment plant generates a total sludge flow rate of 31,408 gal/day,
which is sent to the three aerobic digesters. Siudge is pumped out to the belt filter presses
(sludge dewatering units) just from Monday through Friday, at such a rate that ali the sludge
generated in one week (seven days) is removed from the digesters by Friday. When sludge
pumping to the belt presses starts on Monday the digesters are full at a total volume of
1,030,378 gallons. Find the mean sludge holding time.

The following are the turbulent and clean laminar head losses in a rapid granular filter
operated under declining rate conditions.

- Sand: hf, = 53.1560 V
- Anthracite: hi, = 15.1460 V
- Drainage piping; hfy, = 1441.8000 V*
- False bottom: hf, = 0.7262 V*
- Valves and fittings: h, = 1510.0200 V?

In all these expressions V is the filtration rate in m%s per m*. The maximum available head
for filtration is 2.0 m. An orifice plate in the influent pipe fixes the maximum filtration rate
at 24 cm/min. The dirty-filter laminar head loss at the minimum filtration rate is 1.412 m.
Find the minimum filtration rate.

A sand filter has the following characteristics: size of sand particles = 0.5 mm (uniform),
density of sand = 2600 kg/m", depth of filter bed = 0.6 m, bed porosity = 0.4, water density
= 998.2 kg/m’, particle density = 2600 kg/m’, particle Reynolds Number = 34.71.

a) Determine the required backwash velocity to expand a granular-medium bed to a
porosity of 0.7.
b) Determine the depth of the expanded bed. The following equations may be useful:

, - (48P, —p.)d,
! 3 CDpw
c .24 3
o R, ,r-—R‘
. L 1-f
v =v 4.5, v
S L 1=

+0.34

where v is the backwash velocity, v, is the settling velocity of an isolated particle, p_ is the
water density, p, is the particle density, d, is the particle diameter, Cj, is the particle drag
coefficient, L is the depth of the unexpanded bed, L, is the depth of the expanded bed, fis the
initial porosity, and /| is the porosity of the expanded bed.
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b. Solve for the velocity using Eq. (12.27),
(4/3)(9.81 m/s?)(2600 — 998.2)kg,/m*(5 x 10~ m)
0.91{998.2 kg/m")

i
=

v, =011 m/s

. Repeat steps 2 and 3 to check the accuracy of the velocity computed
in step 3b.
a. Use the velocity computed in step 3b to estimate the new Rey-
nolds number:

0.85(0.11)(5 x 107 4)(998.2)
1.002 x 10~

Ng=

= 46.5
b. Compute the new C, value:

Cp=-2 o 3 4034

46.5 ¥36.5

= 1.30
¢. Compute the new velocity:

. {4,/3)(9.81)(2600 — 998.2)(5 % 10~*)
gy 1.30(998.2)

= 0.0081 m?/s?
v,=0.09m/s

. Repeating steps 2 and 3 using the data from step 4 yields
Ny =38.1
Cp—1.46
v, = 0.085m/s

. Repeating steps 2 and 3 using the data from step § yields

N, =360 VUSE Ffe 25-2 :ﬁff -r Ty
Cp=1.51 g o
v, =0.083m/s 5

The above cstimate of the velocity is sufficiently accurate,

2. Determine the backwash velocity using Eq. (12.48). !

v=yal?

=0.083 m/s (0.7)*}
= 0.0167 m/s @

3. Determine the expanded bed depth using Eq. (12.49).

Lo _ l-a
! 1__(0/ )0(21 \ b_, ’-0.1
0.6 m (1 — 0.4) st

E ~{0.0167/0.083)°* g ®

=1.20m

@Mﬂ#m
Re=34. 712
Vi =0, 08253

= L.S'-?oa@)




PART B

Solve the following three problems. This part is closed book, closed notes.

1. Detcrmine the liquid volume of sludge before and after digestion and the percent reduction for 500 kg (dry basis)
of primary sludge with the following characteristics;
Primary Digested
Solids % 5 10
Volatile matter, % 60 60% is destroyed
Specific gravity of fixed solids 25 25
Specific gravity of volatile solids 1.0 1.0
The following equations may be useful: A sseine p = Jooo bg/m’
w
1\ F, F,. 1 _F F, M, .
—=—t 4t ==t Vm et
5, § S5 5 5 5 PuE,
where:
S - specific gravity of the total solids solids
St = specific gravity of the fixed solids
S, = specific gravity of the volatile solids
Sy = specific gravity of the wet sludge
Sw = specific gravity of water
F¢ = fraction of the total solids that are fixed solids
F, = fraction of the total solids that are volatile solids
F. = fraction of solids in the wet sludge
Fu ~ fraction of water in the wet sludge
v = volume of sludge, m?
M, = mass of dry solids, m‘{
Pa = density of wet sludge, kg/m*
2. The turbulent and clean luminar head losses in a rapid granular filter operating under declining rate conditions are
the following:
- Sand: hf, = 532V
- Anthracite: hf, = 152V m
. "
- Drainage piping: hfy = 1441.9 V2 Vi /5
- False bottom: hfy = 0.7V?
. Valves and fittings: hf, = 1510.0 V2

The maximum available head for filtration is 1.15 m. [f the average filtration rate is 20 cm/min, the minimum
filtration rate is 70 per cent of the average rate, and the maximum filtration rate, controlled by an orifice plate, is
1.3 times the average rate, find the dirty-filter laminar head loss. The following equation may be uscful;

Max. Available head = Laminar losses + turbulent losses + orAfice loss

3. Three completely mixed reactors are connected in series, and the system removes 99.998% of the first reactor
influent reactant concentration. In these reactors, the reactant is removed by a first-order reaction (k = 3d7'). The
last two reactors are identical and have a detention time of 7 days each one. Find the detention time in the first
reactor. The following equation applies to a first-order reaction taking place in a single CFSTR:

C"°=1+kl_
A
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ENCE 4323

Old Final Exam Problems

In addition to the problems given for the first and second exams, the following are typical
final exam problems:

F95-3.

F96-3.

F03-1

A conventional activated sludge plant must treat a primary effluent flow rate of
4000 ml/d, with a soluble BODs of 200 mg/l. The organic loading in the aerator
is 0.3 kg BODs/(d.kg VSS), and the ratio V/Q is 6 hours. Find the concentration
of volatile suspended solids in the aerator. Answ.: X =2667 mg/L.

A sand filter has the following characteristics: size of sand particles = 0.5 mm

(uniform), density of sand = 2600 kg/m’, depth of filter bed = 0.6 m, bed porosity

= 0.4, water density = 998.2 kg/m’, particle density = 2600 kg/m’, particle

Reynolds Number = 34.71.

a) Determine the required backwash velocity to expand a granular-medium
bed to a porosity of 0.7. Answ: 0.0167 m/s

b) Determine the depth of the expanded bed. Answ: 1.2 m,

A wastewater treatment plant is planning to provide for separate anaerobic sludge
digestion for its primary sludge. The plant receives an influent wastewater with
the following characteristics: Average flow = 8000 m’/d. Amount of suspended
solids removed in the primary sedimentation =200 mg/L. Volatile matter in the
settled solids = 75% by mass. Water in untreated sludge = 96% by mass. Specific
gravity of mineral solids = 2.6. Specific gravity of organic solids = 1.3. Find the
required digester volume using an SRT of 12 d. Answ.: 473.7 m’

FO3P-1A wastewater treatment plant is planning to provide for anaerobic sludge

F04-1

digestion for a mixture of primary sludge and waste activated sludge. The raw
sludge characteristics are the following: Primary sludge: Specific gravity =
1.003; Solids concentration = 3.4 % by mass; Design flow =420 m /d Waste
activated sludge: Specific gravity = 1.005; Solids concentration = 0.23 % by
mass; Design flow = 2500 m/d. The mixture of raw primary and waste sludge
has specific gravity = 1.002, and it is sent to a thickener to increase the solids
concentration to 3.5% by mass. Calculate the percent reduction in sludge volume.
Please explain and justify any reasonable assumptions you make. Answ.: 60%

Determine the liquid volume of sludge before and after digestion and the
percent reduction for 500 kg (dry basis) of primary sludge with the following
characteristics;

Primary | Digested
Solids % 5 10




ENCE 4323 FINAL EXAM

December 12, 1995 Name:

Instructions:

a) The test is closed book. However, you can usc up to three sheets of information.
b) Time available: 2 hours.

c) Complete both parts A and B.

PART A

Solve only three of the following problems:

1.

The following are the turbulent and clean laminar head losses in a rapid granular filter
operated under declining rate conditions:

- Sand: W, = 53.1560 V] o8 302 Y

- Anthracite: hf, = 15.1460 V

- Drainage piping: hfy = 1441.9000 V? 2
- False bottom: _ hf, = 0.7262 V* } 2952, 646 V
- Valves and fittings: h, = 1510.0200 V* '

In all these expressions V is the filtration rate in m¥s per m?. The maximum available head
for filtration is 2.0 m. An orifice plate in the influent pipe fixes the maximum filtration rate
at 24 cm/min. The dirty-filter laminar head loss at the minimum filtration rate is 1.412 m.
Find the minimum filtration rate.

Find the dimensions of a sedimentation tank to remove 100 percent of spherical particles 0.5
mm in diameter, with specific gravity of 2.5 (particle Reynolds Number = 51.4). Assume
the flow rate through the tank is 100 Us.

Figure 1 shows the results of a batch flocculation test (first order reaction) in which samples
were taken at certain times, and the respective fractions of particles remaining, N/N,, were
determined. Based on these results, we want to design a flocculator assuming that the term
(4/r) 0y G Q observed in the flocculation test will be the same as in the real unit. First, find
this term and, with it, calculate the detention time that will be needed to attain 90 percent
particle removal, a) Using a single plug flow reactor; b) Using a single CFSTR.

HINT; For a batch reactor handling a first order reaction you can use the following
relationship:
In(N/N)=-@/m) e, GQt



t, minutes
0.0
0.4
1.6

N/No
1.000
0.880
0.630
0.360
0.170
0.096
0.055
0.040

Results of a Batch Flocculation Test

Figure 1
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Flocculation Time, minutes
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PART B

Solve the following three problems. This part is closed book, closed notes.

1.

The Marrero wastewater treatment plant generates a total sludge flow rate of 31,408 gal/day,
which is sent to the three aerobic digesters. Sludge is pumped out to the belt filter presses
(sludge dewatering units) just from Monday through Friday, at such a rate that all the sludge
generated in one week (seven days) is removed from the digesters by Friday. When sludge
pumping to the belt presses starts on Monday the digesters are full at a total volume of
1,030,378 gallons. Find the mean sludge holding time.

The following are the turbulent and clean laminar head losses in a rapid granular filter
operated under declining rate conditions:

- Sand: hf, = 53.1560 V
- Anthracite: hf, = 15.1460 V
- Drainage piping: h, = 1441.9000 V?
- False bottom: hf = 0.7262 V*?
- Valves and fittings: hf, = 1510.0200 V2

In all these expressions V is the filtration rate in m*/s per m®. The maximum available head
for filtration is 2.0 m. An orifice plate in the influent pipe fixes the maximum filtration rate
at 24 cm/min. The dirty-filter laminar head loss at the minimum filtration rate is 1.412 m.
Find the minimum filtration rate.

A sand filter has the following characteristics: size of sand particles = 0.5 mm (uniform),
density of sand = 2600 kg/m’, depth of filter bed = 0.6 m, bed porosity = 0.4, water density
= 998.2 kg/m’, particle density = 2600 kg/m’, particle Reynolds Number =34 71.

a) Determine the required backwash velocity to expand a granular-medium bed to a

porosity of 0.7.
b) Determine the depth of the expanded bed. The following equations may be useful:

. - Jig(p, -p.)d,

3 Cop.
24 3
C,=—+—/—+ 034
D R, '_R,
V=V'f¢4's; L': l_f
L 1- 7,

where v is the backwash velocity, v, is the settling velocity of an isolated particle, p, is the
water density, o, is the particle density, d, is the particle diameter, C is the particle drag
coeflicient, L is the depth of the unexpanded bed, L, is the depth of the expanded bed, fis the
initial porosity, and 7, is the porosity of the expanded bed.
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Vs = \/t‘f F(Pr-Pu)de (12.27)
3 <o Pw
b. Solve for the velocity using Eq. {(12.27).
. (4/3)(9.81 m/s?)(2600 — 998.2)kg/m (5 x 107* m)
o 0.91(998.2 kg/m’)
v,=0.11m/s

. Repeat steps 2 and 3 Lo check the accuracy of the velocity computed

in step 3b.
a. Use the velocity computed in step 3b to estimate the new Rey-
nolds number:

_ 0.85(0.11)(5 x 107#)(998.2)

N
R 1.002 x 10~

=46.5
b. Compute the new C, value:
24 3

= —_—
4635 " Ji65
=130

¢. Compute the new velocity:
(4/3)(9.81)(2600 — 998.2)(5 x 10~%)
1.30(998.2)

Co +0.34

2
b=

= 0.0081 m?/s?
v, =0.09m/s

. Repeating steps 2 and 3 using the data from step 4 yields
Ny =381
Cp=1.46
v,=0.085m/s

. Repeating steps 2 and 3 using the data from step § yields
Np=360 USE FIG& 25-7 , get oz
Cp=1.51 AT ey
4,=0083m/s (F
The above estimaté of the velocity is sufficiently accurate,

2. Determine the backwash velocity using Eq. (12.48). '
v=v,als
=0.083 m/s (0.7)*}
= (.0167 m/s @ :
3. Determine the expanded bed depth using Eq. (12.49).
1 l-a

e-—

1T )" , =0
| __ 06m(1-04) /w‘*

" 140.0167,/0.083)° 2% -

= 1.20# @

Ko =34, 2742
Vs =0, 08253
“Cpz 1. 5408 @







‘SIoy 7 :9|qe|leae swl [B0L @
*5310U PISO[d “{00q Pasod st g Wed 'g WEJ IPIM SNUJUOS PUE J0oq JNoK 350]0 “y red ysiuly nok usym

*90URI3JAJ SB S310U JNIOA PUB JOOGIXa} JNOK 95N A|UO UBD MO A "Saynuiul AU JO WWIXew & Ul v Jed Jomsuy (e
‘suoponIsu]

. e ‘6 J9qUIDD
..NNO \v\ ﬂ.N .N N $00T "6 199 d

INVXH TVNIA €T€9 HONA






PART B

Solve the following three problems. This part is closed book, closed notes.

1. Determine the liquid volume of sludge before and afier digestion and the percent reduction for 500 kg (dry basis)
of primary sludge with the following characteristics:
Primary Digested
Solids % 5 10
Volatile marter, % 60 60% is destroyed
Specific gravity of fixed solids 25 25
Specific gravity of volatile solids 1.0 1.0
The following equations may be useful: Assume P - 1000 bg /,,7
w
1 FI F:v 1 F; Fw . Ml M
—=L4r == V=t
S] SI Sv Sd Sl Sw de;
where:
S, = specific gravity of the total solids solids
Sr = specific gravity of the fixed solids
Sy = specific gravity of the volatile solids
Su = specific gravity of the wet sludge
Sw = specific gravity of water
Fp = fraction of the total solids that are fixed solids
F. = fraction of the total solids that are volatile solids
F. = fraction of solids in the wet sludge
Fo = fraction of water in the wet sludge
\Y = volume of sludge, m®
M, = mass of dry solids, ;d/he
Pa = density of wet sludge, kg/m’
2 The turbulent and clean laminar head losses in a rapid grenular filter operating under declining rate conditions are
the following:
- Sand: hf; = 532V
- Anthracite: hf, = 152V in M
- Drainage piping: hfy = 14419 V2 Vi /S
- False bottom: hf, = 0.7 V?
- Valves and fittings: hf, = 1510.0 V2

The maximum available head for filtration is 1.15 m. If the average fiitration rate is 20 cm/min, the minimum
filtration rate is 70 per cent of the average rate, and the maximum filtration rate, controlled by an orifice plate, is
1.3 times the average rate, find the dirty-filter laminar head loss. The following equation may be useful:

Max, Available head = Laminar losses + turbulent losses + orAfice loss

3. Three completely mixed reactors are connected in series, and the system removes 99.998% of the first reactor
influent reactant concentration. In these reactors, the reactant is removed by a first-order reaction (k =3 d™). The
last two reactors are identical and have a detention time of 7 days each one. Find the detention time in the first
reactor. The following equation applies to a first-order reaction taking place in a single CFSTR:

CAO

A

=1+kt
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ENCE 4323 FINAL EXAM

December 4, 2007 Name:

Instructions: Answer both parts A and B. You can only use your textbook and your notes as reference.
Total time available: 2 hours.

PART A (25 points each problem)
Solve only three of the following problems.

1. A conventional surface-water filtration plant with coagulation, flocculation, sedimentation, and
filtration produces a filtered water with a turbidity less than 0.3 NTU, pH 7.5, and temperature of
10°C at a design flow of 1.0 m 3/s. After filtration, the water is chlorinated in a baffled reservoir.
The time of flow from the plant to the first consumer is 7.4 minutes.

a) What is the required reservoir volume if the residual chlorine at the first consumer is 1.0
mg/L.?

b) If the plant were a slow sand filtration plant, find the required chlorine residual at the first
consumer using the same total contact time as in part (a).

c) If the operating water temperature in the summer time is 20°C, and pH = 7.5, find the
required residual ehlorine concentration at the first consumer of the slow sand filtration
plant of part (b).
2, 1000 kg (dry basis) of primary sludge with the characteristics listed below undergoes anaerobic

digestion. Determine: a) the liquid sludge density before and after digestion; b) the volume of
liquid sludge before and after digestion. ¢ Hha sofide dansifg before & affer

Primary | Digested
Solids % 43 8.6
Volatile matter, % 60 50% is destroyed
Specific gravity of fixed solids 2.5 2.5
Specific gravity of volatile solids | 1.0 1.0
3. A tank initially contains 200 m® of water; however, due to a leak, 50 m® are lost after 2 hours. The

rate of water loss is directly proportional to the square of the water volume remaining at any time.
To compensate for the loss some water was added, but after 3 hours the water volume had been
reduced to 150 m®. How much water was added to the tank?

4, A water filtration plant produces 1.5 m /s atan average ﬁltratlon rate of 12.50 m*/h.m?when all
units are operating; the filtration rate increases to 14.29 m*/h.m? when one unit is out of service for
backwashing. Each unit is backwashed for 7 minutes every 24 hours at a backwash rate of 48.9
m/hr. Find the following: (a) The number of filtration units. (b) The percentage of filter output
used for backwashing. (c) If the dual media is composed of anthracite with uniformity coefficient
= 1.5, and sand, find the uniformity coefficient of the sand if it desired to have at least 15 cm of
media intermixing after filter backwashing.
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N trcepl ovifee loss ‘ e
(35 pointy) The head losses in a clean dual-media filter 6perating under declining rate
conditions are the following: Laminar, clean filter, hy= 78 V; Turbulent losses, hr=
3000V7. In all these expressions V is the filtration rate in m*/s per m%. The maximum
available head for filtration is 3.0 m. An orifice plate is placed in the influent pipe to
limit the maximum filtration rate. The minimum filtration rate is 2.7 x 10” m/s, and the

dirty-filter laminar loss at the minimum filtration rate is 2.0 m. What is the orifice loss at
the maximum filtration rate?

Pertinent final exam problems

4

Design a bar rack and its channel so that the maximum velocity th:_ough the Pa.rs will be 0.7
m/s. Use bars with rectangular cross section, 9 mm x 50 mm, with a s?acmg of 25.0 mm
between the parallel bars. The design flow rate is 150 Vs. Find t_he fol]ovn_ng: a) the number
of bars; b) the channel dimensions (width, total fiept.h). assuming a maximum head loss gf
0.32 m; ¢) the head loss through the screen assuming it is 40 % clogged (1.?., the net area is
60 % of the clean-rack net area);, d) draw a side view of the channel W.lth the bar rack,
showing the angle of the bar screen with the horizontal, and all the dimensions.

A water filtration ptant produces 1.5 m’/s at an average filtration rate of 12.50 m’/h.m* when all
units are operating; the filtration rate increases to 14.29 m*/h.m” when one unit is out of service for
backwashing. Each unit is backwashed for 7 minutes every 24 hours at a backwash rate of 48.9
m/hr. Find the following: (a) The number of filtration units. (b) The percentage of filter output
used for backwashing. (c) If the dual media is composed of anthracite with uniformity coefficient
= 1.5, and sand, find the uniformity coefficient of the sand if it desired to have at least 15 ¢cm of
media intermixing after filter backwashing.

A filter operates with a venturi-tube effluent rate controller and works at a constant rate of 28.3 I/s.
The gravel, sand, and water (above de sand surface) depths ar¢c 0.6 m, 1.0 m, and 1.5 m,
respectively. The water levels at both the filter box and the effluent channel remain constant at 3.1
m and 0.0 m, respectively. The head loss through the sand, the gravel, and the filter bottom is 30
cm at the beginning of the filter run, and 2.4 m at the end.

a) What is the available head at the beginning and at the end of the filter run, and what is the
head lost at the rate controller?
b) Assuming the rate controller works as an orifice, and that the head loss in the ¢ffluent pipe

is negligible, calculate the ratio of the areas of the rate controller opening at the end and at
the beginning of the run.

The thickness of the gravel, sand, and water layers in a rapid sand filter are 0.6 m, 1.0 m, and 1.5
m, respectively. When the filter is backwashed at a constant rate of 60 cm/min all the sand is
fluidized, and the head loss through the false bottom is 60 cm.

A, What is the head loss through the sand and the gravel?
B. Assuming the backwash rate is increased to 75 cm/min, what is the total head loss through

the sand, gravel and filter bottom? Assume that the backwash flow is laminar through the
gravel, and turbulent through the false bottom.
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CONVENTIONAL RAPID SAND FILTRATION PLANTS ] 4 Floccalalon
QW < fanl s el
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INTRODUCTION wATER ”,h”
PMorsel "[;, Iy Pet: J(
!/l-v

¢ Surface waters usually conlain
o Dissolved substances (concentration musi be less than MCL)

* Inorganic S Clz
*  Organic an
o Suspended particles (inorganic, organic, microorganisms)
= Setileable COINTU
= (ollpidal

Typical settling velocilies

Type of particle Size, mm Settling velocity
Pebble 10 0.73 m/s
Coarse sand ] 0.23 mfs
Fine sand 10’ 107 m/s
Silt 107 8.6 m/d
Large colloid 10 0.3 mfyr
Small colloid 10° 3 m/million yr

¢ Turbidity is the most common contaminant in surface walers
e EPA Enhanced Surface Water Treatment Rule specifies:
@ Turbidily < 0.3 NTU in at least 95 % of measurements taken each month
o Al no time turbidity can exceed | NTU.,
s Turbidity is vaused by colloidal panicles; therefore, it cannol be removed by settling or plain filtration.
e Turbidity removal requires
o colloid destabilization: rapid mixing

o [Mocculation: paniicle growth until they become scttleable

o seutling: removal of settleable floc panicles

o filiration: polishing, removal of microfloc Lhat escape settling

o disinfection: 10 kill bacleria, giardia, cryptosporidium, viruses
RAPID MIXING

fan MI) L' Setn b glc(j}u -miLr oSyt

s Colloids: uwliramicroscopic parlicles
o Have large external surface area. E.g,, 1 cm® divided in cube 10 nm each side has 600 m? of
extemal surface area.
o Have tendency to concentrate substances onto external surface
o Develop a charge. This charge results in colloid stabiliy.






Colloid Stabilily and Colloid Destabilization

Colloidall particles have a surface charge

‘\;’l r » o
VR 3o
_,.l RN
o o~
4 - -
;7
-
3 ~ -
o . \ -
. &t
. [ \‘!Q
O -
L) St

If particle charge could be neutralized, particle

iy Qo s e ot
o T AR e % -
- A) B
i) ¢ T »
PN v
e . o M
it SR 5o —I‘..'g
5 4
gl = -
o
) B e
3 Wkt
- ; _;’ ~ = -4
~ b .i; _’J
s .
L 9\% ol
P . T
-] " &
- i

Uncharged Partlcles are free to collide and aggre-

gate.
Double Layer Theory
Positive Counter-lon —— m— .
Negative Co-lon E——— ) q
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lons In Equilibrium -
With Selution ’[ 3 Q s -

aggregation would occur

Two Ways 1o Visualize the
Double Layer
The el vievr shows the
change in charge density
arouna the collold. The
right shaws the aistrbution
ct posiive and negative
i2n3 around the charged
collod,
e When two colloidal particles are

brought together, diffuse layers
interact

e Particle repulsion occurs
Colloidal stability takes place






iateradion L/r the Zela fof;ar:‘n/ of e

Zeta Potential theory - ff"t'th Qf-’ﬁ.‘ld % /M
hooring. parTicles.

When colloidal particles move, they carry part of the diffuse layer. The potential at the plane of rupture

is called zeta potential.

’I—\——Stﬂace Polental (ﬁ)—sm Potential

A

~ Stemn Layet

Polenlial
Potential

Distance From Colloid
Sallne Water

Distance From Colloid
Fresh Water

Zeta Potential vs Surface Polential

The relalionsh'p petween Zeta Potental and Serlace
Pctenial depends cn the level of 1ons in saluton. In
tr=sh watel, "ha fargs doub'a layst makes the zeta

pelental a gecd appreaomation of the surtace
oclential. This does nat ho'd w2 (or saine walsis
aua [0 doyole [Ay3t Compiession.
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The energy barrier prevents particles
from attaching

luteéraction Charge Reduction

The Nt Nleracton Luive § [ormed oy suehaci ng the Ceaguian! adAdhzn Moaeds the surtace charge and

alitact s cures IISm iha 1epuiih wlve Crops the repulsvd ensigy curve. WcTe coagulant 3
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Ferric solutions are acidic: e.g., a 10 M solution of FeCl, has pH = 3.2
Polymerization: 2 Fe(H,0);0H’" — Fe,(H,0);(OH),** + 2H,0 ...
Similar reactions take place when we add aluminum salts.

In general:

Me(H,0),"* —= (Simple Hydroxocomplexes) — (hydroxomelal polymers) — Me(OH),(s)

Four important observations when Fe and Al salts are used:

Synthetic polymers

Colloid destabilization is carried out by hydroxometal polymers

There is a direct dependence between coagulant dose and colloid concentration

Restabilization may occur by excess coagulant domre;enel‘nffoq of Co//o A Susfonsion
Major destabilization mechanisms are: charge neutralization and sweep flocculation.

Tquoi/:ti of f,.':'f' “m gose

Coaglat /b3t

Used alone or in combination with metal salts
Bridging model explains coagulation by polymers.

Kinetics of Particle Aggregation

Particle destabilization results in microfloc generation: coagulation or perikinetic flocculation
Further particle contact by velocity gradients: orthokinetic flocculation or, simply, flocculation

Rate of coagulation given by:
r,=k.n®, where

r.= rale of coagulation, (particles/L)/s
n = number of particles

k. = kinetic coefficient

Second order reaction; therefore, PFR would be best choice
Rate of flocculation given by:

ry=k,n, where:
4

k; =—a Q0
T

oo = fraction of collisions leading to permnanent agglomeration
Q = volume of particles per unit volume of suspension
G = velocity gradient

First order reaction; therefore, PFR would be best choice
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Viscosity

Newton’s Law of Viscosity 7 = #ﬂ

dy
= T
»  Viscosity dvidy
N
«  Units it
?/ s y
V+av
. Water (@ 20°C) -
W= 1x107 kg/m.s dy
. Air (@20°C) ¥ dv
- n=18x10" kg/m.s )%
» Kinematic viscosity v=%
Flow between 2 plates
Force is same on top 7 = y? - #i‘i’ —1,
and bottom Y Yi2
Fl=141 =124 = F Thus, slope of velocity
A = Ay profile is constant and
Yy 1= velocity profile is a st. line
Moving plate _
u=y
—
[ V
Vv . d
B u(y) = — Fluid Force acting
B ON the plate
, . X
‘Fixed plate u=0
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RAPID MIXING UNITS

Diffusion by Pressured Water Jets (Fig, 1)

. No additional head loss by the mixer
. Very cffeclive

. Conurollable degree of mixing

. Low power consumplion,

- But:

- waler must be free of suspended solids to prevent nozzle clogging,
- prone to clogging by coagulant salts.
. Design criteria: N
- GT =400 - 1600 (1000 average) - (5 ¢/
- Minimum pressure, 0.7 kg/cm’®, with mixing jet velocity, 6 - 7.6 m/s at the orifice.

' In-line static mixers (Fig. 6.28)

v No moving paris, no exiemal energy to be inpul to the system
o Very effective

. Degree of mixing and mixing time are a function of flow rate

. Proprietary devices, cannot be designed by enginecr

. Mixing time of 1 - 3 s and maximum head loss 0f 0.6 - 0.9 m

. Best choice for aluminum or iron salls

- Gt =350 - 1700 (1000 average)
- Contact times between | and 3 s.

“} In-tine blenders

. G = 3000 - 50005

’ Gt = 1500 - 5000

. Power consumplion for mixing (typical) = 8.5 kwatvm’,s (0.5 HP/mgd)

. r=05-1s

. Head loss through the unit = 0.3 - 1.0 m. Theretore, additional power is needed (2.7 - 8.7

kwatt/m’.s) 10 overcome lhis head loss.

" Hydraulic jumps (Fig. 8.10)
. Usually generated by Parshall flumes
- Coagulant added upstream of jump
- Typica! G values: 800 5™
- Contact time = 2 scconds

Mechanical flash mixing

. Most frequently used in water treatment industry
. G =300s"

. Mixing time: 10-30s

. Power reguirements: 0.85 - | HP per MGD

. Sernous disadvantages:

- Lack of instantaneous mixing characteristics

- Shon-circuiting,

- Mixing period is too long for metallic coagulanis

- Shaft problems and gear drive failures in many installations
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CALCULATION OF LTME DOSAGE FOR ALUM NEUTRALIZATION
When zluminum sulfate (alum) is added 1o water, the following reaction takes place:

Alx(S50,),:14.3 H,0 + 6 H,O = 2 AI{OH); (s) + 6H” + 380, + 14.3 H,0

Coplid

The generation of 6H' depresses the pH. If the pH droSs too much, AI{OH); (s) will not precipiiale.
{rr s

Bicarbonates present in natural waters serve as buflers: Pl i
H/‘fg.“/,g,':-"(‘

HCOy +H' = H,CO; —» CO; + HO
The overall reaction may be written as follows:
AL(SO4)3414.3H,0 + 6H;0 = 2A1(OH); (s) + 6H™ + 350,% + 14.3H,0
6HCO, + 6H" = 6CO, + 6H,0
Aly(804);a14.3H,0 + 6HCOy = 2A1(0H); (s) + 380" + 6CO;, + 14.3H,0

/

sty

Thercfore, for every mole of alum (600 g), 6 moles of alkalinity (HCO3") are consumed.

leg  100gCaCO, 1 mole CaCo,
mole HCO; mole CaCO, 2¢qg
Alkalinity consumed = 300 g as Ca CO,

Alkalinity consumed = 6 moles HCO7 x

Hence, 600 g of alum consume 300 g of alkalinity as CaC(Q;. Therefore,

| 1 mg/l of alum consumes 0.5 mg/l of alkalinity as CaCO,. l

I water does not have sufficient alkalinity, must supplement alkalinity by adding lime, Ca(OH);:

Al(804);014.3H;0 + 6H,0 = 2A1(OH); (s) + 6H' + 380,” + 14.3H,0
3Ca(OH), + 6H" = 3Ca%" + 6H,0

Al (S04)3¢14.3H,0 + 3Ca(OH), 2A)(OH); (s) + 3Ca”" + 350,” + 14.3H,0

Therefore, we need 3 moles of lime for every mole of alum (o be neutralized, or

3 moles lime % M
mole lime _ 0.37g lime
1 mole % M B alum
mole alum
Example Assume an alum dosage of 50 mg/L, water alkalinity = 10 mg/L as CaCO;. Find the

chemical consumpltion for a treatment plant with a flow rate of 100 L/s.
Solution:
Only 2 x 10 mg/L of alum will be neutralized by the existing alkalinity, Therefore,
50 - 20 = 30 mg/L of alum must be neutralized with lime.
mg alum % 0.37 mg lime —11 mg lime

Lime dosage = 30
mg alum
IfQ = 100 L/s:
Alum consumption = 50 mg/L x 100 L/s x 86400 s/d x 1kg/10* mg — 432 kg/d

Lime consumption = 11.1 mg/L x 100 L/s x 86400 s/d x 1 kg/10° mg = 96 kg/d

ol






Design example of a rapid mixing unit
The water supply for a lown is laken from a river with considerable variations in quality. The raw water analyses
for a year are shown in Table 1, with rypical coagulant doses obtained from jar tests. The design flows for 24-h

operation are: average day — 43.8 L/s, maximum day = 65.7 L/s. Desiga the rapid mixing unit for this plant.

Table 1. Daia for design, fver source

Per cent occurrence
Parameler 11 34 28 13 9 3 2
Raw Water | Turbidity, ntu 28 45 81 126 140 180 >200 |
Analyses | Alklinity, mg/L, as CaCQ; 86 132 92 84 93 77 82
Temperature, °C 13 10 g 18 18 16
. Alum, mg/L 18 27 36 28 41 31 36
JarTests 1oy 641 67 6.4 6.4 6.2 64
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InstoMix

fie-Line Flash Mixer

Instantaneous Mixing
to Disperse Solutions

The In-Line instoMix by Walker Process provides
high-enerpy flash mixing 1o instantaneously
(within milliscconds) disperse coagulant and
other flocculent solutions imto raw waer flow.

The tnstoMix In-Line

L
e,

PROCES®,
“ouippen

Qivision o) McBMish Co/poration

Flash Chemical Mixer by Walker Process:

Efficiently distributes small coagulant llow to large water flow.

Provides very high G-value for instantaneovs 1lash mixing and
high ditfusion efficiency.

Distributes injected solutions within 10 milliseconds.
Provides a more prediciabla and settleable floc.
Reduces overnuse of coagulants.

Incorporates low energy input and low head loss.
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youw

| / MUXER

STD. AWWA

C207 CLASS
- FI.ANGES)

te——— 17 NLP.T. INLET FEED)

CHEMICAL
RELEASE

e /'IE\ POINTS
- - 1 = Flow -
L
1 T — SICTIONALIZING
PIPE nun,—’/ TSI R U 1) FEED TUBE VANE
AUXILIARY FEED : \ i
e i
514 :s-m ¢ INLET FEED BoDY
;
o 70
yE TYPICAL 18~ SIZE
Sizes - Diameter S P A N - " 60° 7
Homogeneous, Flow Range MGD | 1018 1840 4090 £0-160 120250 160-370 330-650 500-100.0 75.0-145.0
Mllhsecond Coagula'nt Body | Carbon Steel Sch 40 pipe, NSF-Approved epoxy coated interior
Bleﬂdmg Manifold | 316 stainless steel
InstoMisx In-Line Mixers provide continuous, Mouating | Horizomtal - Flanged Mountad
instanianeous blending of coagulant in Mixer | Direct connactad, flange mounted, 316 stainlass steel impellers
and shaft

raw waler prior 1o flocrulalion. The
homogencous, millisecond blending

of coagulant results in optimuimn floc
formuation and maximizes chemical
economy. Compact in-line units are
constructed for flange mounting directly
in the pipeline and are equipped with

an internal feed manifold designed to
distribute solutions uniforrnly throughout
the sectionalized mixer body. The agitator
(mixer) can be cusiom sized to produce
a desired G-Valoe.

InstoMix units are available for 8-inch
through 72-inch diameter pipelines.

Flash mixing coagulanis and other chemicals is necessary
becanse of the minnte amowms of solutions added 1o the
relatively large amount of raw water treated Because a
rapid chemical reaction staris the instant alum or other
coagulant is blended with rw water, there must be instant
diffusion of the coagidant solulion or many particles will be
missed, resulting in an overall bigher turbidity or excessive
use of coagulant.

Walker Process Equipment

Division of McNish Corporation

840 North Russell Avenue * Aurora, IL 60506 * Phone: 630-892-7927  Fax: §30-892-7951
E-mail; walker.process@walker-process.com

www.walker-process.com
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Figure 4.5-2 Gt chamber. /

Generally, the gnt (o be rernoved is sand or silt with diamneters exceediog 0.1 mm
or targer thun No. 100 mesh (0.15 mm). Grit any <natler than this does not pose a
major threat to the pumps and pipelines. Figure 4.5 2 15 a gnit chamber designed to
treat 35 myd (1.5 m'/s) of flow and has been performing well since 1955; the
design is based on the hydravhic scale model study.

Design Criteria
Numbecr of tanks
Wauter depth

Length/widih ratio

[.engthywater depth
ratio

Mean ilow veloonty

Detention titne

Surface loading

Two tanks (one with a bypass line may be used as an
alternative)

10w 13 ft (3 1o -1 m) with a grit remover; 11.5 to 16 fi

(3.5 10 5 m) without a gnt remover

NMimimum of -} |

Minimum of 6 1

10 to 15 tt/imin (3 1o 4.5 m/nun)
6to [5 min
3 1o 10 epm/ft® (10 10 25 mth)
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Removal of particles with different settling velocities

,4,,@&7& porticte, wifth :.e&l;.? pels T,

oy

< v.f-o

Assumptions: ‘
¢ All particles with settling velocity >v,, will be removed
o Particles are uniformly distributed throughout depth D at N particles per m of depth

¢ Of the particles with settling velocity < vy, only those reaching the bottom will be
removed (triangle bed).

#panticles removed
tolal #particles

Fraction removed =

articles
(bc) x NP
Fraction removed = 5 r:ilzzles
(ac) x NE—=
. bc
Fraction removed = —
ac
: \Z
By Eq. 1, |Fraction removed = —
VM)
Example: Determine the removal efficiency of a sedimentation basin designed with a

critical velocity of 6.5 ft/h, when treating a river water containing discrete
particles whose settling velocities are distributed as given in the table below.

Settling 0.0 - 1.5 - 3.0- 4.5 - 6.0 - 7.5 - 9.0 - 10.5 -
Vel, ft/h | 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0
Number of | 20 40 80 120 100 70 20 10
particles







46

Fraction removed

Average vs, ft/h # particles MY # particles removed
v, 65

0.75 20 0.115 2

2.25 40 0.346 14
3.75 80 0.577 46
5.25 120 0.808 97
6.75 100 1.0 100
825 70 1.0 70
0.75 20 1.0 20
11.25 10 1.0 10

Total =460 Total = 359

Removal efficiency = % X 100 = 76.04%

General Appproach

Suppose we take N particles with settling velocity < v,
[f we call Ay, the fraction of particles with settling velocity vy < vy,

assume that

Ay is the fraction of particles with settling velocity vy,

Ay is the fraction of particles with settling velocity v,

Ayvs s the fraction of particles with settling velocity vg

Ay ts the fraction of panicles with settling velocity v

Ays is the fraction of particles with settling velocity vgs

Z = Ay, + Ays + Ays + Ays + Ays = yo have settling velocities vg < v,

Of these particles, the observed removal will be:

vy Vv, v, v, Vs 4
Removal = Ay, & + Ay, == + Ay, —= + Ay, - + Ay, —== ) = Ay,
v v '

=0

So So

Or, in general, the removal of particles with vy < v, will be

LNy
v !
S0 3o i=l v-‘a
Yo Vf ] Jo
Removal = J—dy = — J v, dy
1] VSD Sa O
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waste wales
ENCE 4323

Assignment No. 1
Due 9/8/10

Determine the number of completely mixed chlorine contact chambers each having a detention
time of 30 min that would be required in a series arrangement to reduce the bacterial count of a
treated effluent from 10° to 14.5 organisms/mL if the first-order removal rate constant it equal to
6.1 h~!'. If a plug-flow chlorine contact chamber were used with the same detention tiime as the
series of completely mixed chambers, what would the bacterial count be after treatmen

The concentration of UBOD in a river entering the first of two lakes that are connected in a series
is equal to 20 mg/L. If the first-order BOD reaction rate constant (K) equals 0.35 d~! @and com-
plete mixing occurs in each lake, what is the concentration of UBOD at the outlet of e:ach lake?
The flow in the river is equal to 4000 m%/d and the volume of the first and second lake is 20
and 12,000 m?, respectively. Assume steady-state conditions.

In Prob. 4-24, if the length of the river connection between the two lakes is equal to 3 km and
the velocity in the river is equal to 0.4 m/s, determine the concentration of the UBOD in the efflu-
ent from the second lake.

If second-or(_jer reaction kinetics are applicable (r = —kC?), determine the effluent concentration
for each of the reactor systems shown on Fig. 4-28. To simplify the computations, assume that
the following data apply:

k = 1.0 m%kg-d
Q= 1.0m*Md
Veeg = 1.0 m3
Vemr = 1.0 m*
C, = 1.0 kg/m?
Explain your results. What would happen if first- or zero-order kinetics are applicable?

Note: Figure 4-28 shows two different reactor systems:
(a) A PFR followed by a CFTR
(b) A CFSTR followed by PFR






Solve the following problems:

Due Octlober 4, 2010
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ENCE 4323
Assignment No. 2
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The rate of flow through an ideal clarifier is 100 L/s, the detention time 15 1.5 h, and its depth is 4.0 m. To
improve the removal efficiency of discreie paricles with settling velocity v, = 1.2 m/h, a full-length
movable tray is set below the water surface. Plot the efficiency as a function of the tray depth.

A sedimentation basin is to be designed so that it will remove 100 percent of all panticles which have a

scttling veloeity of 0.5 mm/s.

2) For a flow of 15 m*min, determinc the appropriate dimensions for a rectangular basin in which
the length is 4 times the width. The detention time is 2 h.

b) Determine the total weir length required if the weir overflow rate is 250 m”‘/(m.d). Show how you
would locate this weir in a sketch of the basin.

Column settling tests of a Type II suspension have produced the resuilts presented in the following table
The mitial TSS concentration of the eompletely mixed suspension was 208 mg/L. The suspension will be
treated for TSS removai al a flow rate of 2000 m'/d.

Time, minutes

Percent TSS removed at the indicated depth {m)

1.0 b5 2.0 2.5 3.0 35
80 72 68 64 59 53 46
90 76 72 67 64 57 51
[00 79 76 72 66 62 54
110 83 77 73 T0 04 58
120 &7 83 77 74 68 65
130 92 89 84 80 74 69
140 96 93 88 g5 82 79

What is the residence time required to achieve at least §5% TSS removal if 1he sctiling zone depth is 3.0 m?
What is the volume of the settling zone?
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ORGANIC MATTER
carbohydrates

proteins

J

[ (AT~ FORFING._BACTERIA] (? ]
H, .
~——  acebic ——— (J\@-—pyruvic Y
M, H, H,
butyric propicnic
L. J

butyric acid propionic -acid

1 ' 1
S

V== ~— acetic acetic
\},*L (ACETOGENIC BACTERIA] -

CHCOOH
[Aceh:clasfic METHANE BACTERIE] [H!-uﬂlising METHANE BA[TERIE‘
€.9. Hetbanasating barkeni . 1. Hehaosphillum  hungain '

CH + (O, ' . CH + 2HP

Flg. 1.1  The microbial ecology of the anaerobic dlgestloh process - ;-
(Mosey, 1982) . "






ADVANTAGES AND DISADVANTAGES OF ANAEROBIC
SLUDGE DIGESTION

The principal advantages of anaerobic sludge digestion compared to
other methods of sludge stabilization include:

e Production of methane gas, which is a useable source of energy.
The process is a net energy producer at most treatment facilities
in which anaerobic sludge digestion is used. The energy produced
is in excess to that required to maintain the temperature of the

digesting sludge and to meet the energy requirements for mixing.
The surplus energy may be used to heat buildings, to drive the
engines for the aeration blowers, or to generate electricity that can
be used to drive the sewage pumps.

e Reduction in the mass and volume of the sludge through the
conversion of organic matter in the volatile solids to methane,
carbon dioxide, and water. Solids destruction usually is
approximately 25-45% of the feed sludge solids and can result in
reduction in the cost of sludge disposal.

e Production of a solids residue that may be used as a soil
conditioner. The anaerobically digested sludge contains nitrogen
and phosphorus and other nutrients as well as organic material
that can improve the fertility and texture of soils. The odor
associated with raw sludge is markedly reduced to a musty odor
by anaerobic digestion.

e Pathogens associated with the feed sludge are inactivated during
the anaerobic digestion process.

The principal disadvantages of anaerobic sludge digestion are:

e The capital costs are high. Large, covered tanks along with pumps
for feeding and circulating sludge, heat exchangers and
compressor for gas mixing are required.

¢ Long hydraulic detention times, in excess of ten days, are required
to develop and maintain a population of methane-producing
bacteria.

e The quality characteristics of the supernatant from anaerobic
sludge digestion are poor. The supermnatants contain suspended
solids, dissolved and particulate organic materials (oxygen-
consuming compounds), nitrogen, and phosphorus. This return
flow adds to the solids, oxygen demand and nutrient loads to the
treatment system.

e Itrequires skilled operators.






-osn23 pue A240001 588 1M maIsds tonsalip oiqorseuy §§ amiyy

] ananie

3SN3AY ONY AHIAO0DIY VO HLM - e - wa = = ALY

“RALuiee 21euoqesoig pue 109 ‘Hd roaisq drysuone(sy £ iy
16w €098 §v ALINITYNTY ILYNOSHVYIIE

00052 000'0L  0DOO0S 00sZ 000! 00s 0se

AARRATANANNVANY
ANTALYIHL
2190H3VNY /

12056) 3096
INNLYHIANTL

40 SLINN

W IVAHON
K/&,//N/V/// A\

% 'SVD ¥31S391a Nt 205

HE1SAS NOLLSTDIQ OIEOHIVNY ———— WD Ewnhlhmm%m_m.
‘ G SUR Wi W =R = wb il == wmA - L]
ANIOND P72 22772 - WEALVA SNNOOD l
TN Twnd “ 1
/) yamod (
| TvoRUSATI
A _ ¥o 1
yamod
Tio 125310 L -
T "ON HALVM TELY3H TYOINYHIAN I
i
IIQl'
EONYHOIA IVRHE = = ™= = == — = —— e = [ = -y
SVYD LENYHXS A¥AH TIEVHIA0OY t 1
Ll g .
4 M WILTH P FOANTS MvH 1 I
HUIANSYD — |
7
il - === - !
=4 - :
pzp Y, o
%A 14 | x 1
“ 2 / - 1
.m 1 1 i -
15 H T > |
1o U 1 I x
Tvacra (G g/ el |
QLIS N Tr8045a -,.I»\‘ . | - - =
NEO0HAAH (2 QL 3DaMms = -l- ] ——
@530 (/L LLL)

{HEONYHOXA LV3N 1/

(L2222’

ONILVH3dO
N
&

5 o o & o

or-62 se-ge (A9 FOD) 8pixoIqg uoqie)
G408 0469 {rgp) ("HD) suBYIB
Lonscdwo) sen
0e-L S1-0L (sfep) swiy uonuerg ANeIPAH
0.09-G¥ 0.95-0S
de0pi-€il d.2€1-cel oridounay |
0:0%-0¢ 0.5€-08 .
4.701-89 3.56-98 onydossp
sinesadwe |

000'S-000'1 000'€—005'+ (fooeD se /Bw) Ayunesy
0a0'2< 005-0S (ptoe onace S8 /5w spiow BIIIRIOA
055— Q1069—  0£S— 01 025— (rW) (dHO) TeRUBIOd UORAMPaY UONEPIXO

8'/-v'9 t'1-8'9 Hd

swenxy wnumdQ a|qepBA

-sebpn|g Jajeme)sep Jo uoisebiq dlqoseruy Buunp uolonpoid
oueyloW Wnwixep Jo} suonipuo) Buneiadp pue |BlueWwUOAUT €S TTBYL







Mass balance on solids

Q = 450Us . B
SS = 200 mg/L Solids input = 7776 kg/d )
80D = 180 mg/L Final .
‘ i 1 Primary Aeration | SS = 20 mglL
Clarifier Tank

i : BOD = 20 mg/L
!y Primary (solids content = 1% dwt)
) ! sludge ]
i : (solids content = 4% dwt) Recycle Excess blogolids = 2305 kg/d
" (65 % volatile) Sludge (sollds content = 1% dwt)
! L. ] Thickener overliow r— (75 % volatite)
: Q=17Us avily e
: SS = 1571 mg/L Thickener
1 (solids capture In thickened siudge = 90%)
: Blond (solids content = 2.5 % dwt)
t Primary beeme—ji} o o leagg——d Thickened biosollds = 2074 kg/d
1 Solids = 5689 kg/d
1 -
) Gas
1
]
1

Anaerobic Anaerobic

Input to digester = 5689 + 2074E7763 | "pigester Digester
Digested Siudge
: Stage 1 Stage 2 |_ 4599 kg/d
1 (mixed) {(unmixed)
H Sg - ;&:JJ - /L (sollds content
= m cO
Digester Supernatant (solids content = 0.20% dwt) (50 % volatile)

Figure 5.7 Solids mass balance for anaerobic sludge digestion system.

Solids input = 7776 kg/d

Solids output = 778 + 4593 = 5371 kg/d

Solids converted to gas = 7776 - 5371 = 2405 kg/d

Per cent solids destruction = (2405/7776)x100 = 30.9%
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InstoMix

In-Line Flash Mixer

PROCES®
€ouipwent

Divizion of McHish Carparatan

Instantaneous Mixing
to Disperse Solutions

The Tn-Line InstoMix by Walker Process provides
high-energy flash mixing to instantaneously
{within milliseconds) disperse coagulant and

: R The InstoMix In-Line
other (locculent solutions into raw water flow,

Flash Chemical Mixer by Walker Pracess:
* Efficiently distributes small coagulant flow to large water How.

¢ Provides very high G-value for instantaneous flash mixing and
high ditfusion efficiency.

* Distributes injected solutions within 10 milliseconds.
~ Provides a more predictable and settleable floc,
- Reduces overuse of coagulants.

Incarporates low energy input and low head loss.







/— MIXER

[

~—-= 17 NPV, (INLET FE£D]

T oy STD. AWWA.
_DE’“F:‘:"LE‘;‘? o MTeeee - ( MIXER
/
/
T CHEMICAL
' -—— RELEASE
? POINTS
[, ce . B . - ii -— FLOW —_—
i
‘ : ) | |
[ i T —— -— SECTIONALIZING
PP PLUG, — || i If _ i|| T reovueE VANE
AUXILIARY FEED ! ; \ ‘.
[ ! -
| X e
| |
| [
§ ',--— rov —
- L : TYPICAL 18~ SIZE
Sizes - Diameter g 12 18T W W 3w W 60" 173
Homogeneous’ Flow Range MGD | 1018 1840 4090 20-160 120250 %6.0-370 33.0-650 50.0-100.0 75.0-1450
Mll llSCCOﬂd Coa-g“laﬂt Body : Carbon Steel Sch 40 pipe, NSF-Approved epony coated interior
Ble lldlllg Manifold | 316 stainless steel
InstoMix In-Line Mixers provide conlinuous, Mounting | Horlzontal - Flanged Moumed
instantaneous blending of cougulant in Mixer | Direct connected, flange mounted, 316 stainless steel impellers

raw watler prior 1o Mlocculation. The
homogencous, millisecond blending

of coagulant resulis in optimum floc
formation and maximizes chemical
economy. Comgact in-line units are
constricted for flange mounting, direcily
in the pipeline and are equipped with

an interi feed manifold desigaed 1o
distribute solutions unifnnnly throughout
e sectionabized miner body, The agitator
{mixer} ¢t lre custoin sized to produce
a desired G-Valoe,

InstoMix units are ailable for 8-inch
throtgh 72-inch dizmeter pipelines.

and shaft

Hash mixing coagulamts and other chemiculs is necessary
becanse of the minete antownts of solitions ndded to the
relatively large amount of raw water trealed. Becanse a
raptd chemlcal reactiom staris the instant alum or other
cudgnlunt is blended with raw water. there must be instant
diffusion of the cougulant solution or many particles wifl be
missed, resulting in an overalf bigher tirbidily or exvesyite
nse of coagulan.

Walker Process Equipment

Division of McNish Corporation

840 North Russell Avenue = Aurora, IL 60506 » Phone: 630-892-7921 » Fax: 630-892-7951
E-mail: walker.process@wvalker-process.com

www.walker-process.com
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5,= fiool ot 0°C.  oR < 172.8 ™A . Find porrtrete disrmanlzs

Vi, = 172.8 f x /T,M”a_;foo.s ; Yoz o2 cmf
~J -
A«P = b, 27¢m ){o.c = /,3/6/ K/D‘”’%
N
jm’bﬁ.“caﬂ7
a.5
39 (5%~ )
ud-ny f‘(n ‘f;fmu-ﬂ. H ():s- = 3
25Y_ 43/ 03
PV Ap - Vs
get dP" 0.0025 m o dP = 0.25¢m
[ o, ST R
Chock Po: Ro< Xr Ys _ 0,0025m0.002 m/s
N 1310/ x 16¢

3.82 S 2 ), Traas/ fiow 749/0n






V2 : @ The chart below shows the results of a discrete-particle settling test. Find the settling
efficiency of an ideal tank operating at an overflow rate of 86.4 m/d.

{i 0.8
g o7 4
: L. e
HIN 7SI |
W e B 2064003 so.4 7o/area = o021 2
-y .
ﬁ 0.3 //// = 0. 015
% 0.2 ////
% o1 \\\% A= _42 x 0,.03%0.02 =0.003
B 00 O.IBZ 0.1)4 0.06 ﬂ.:OB 0:.1 E;Z 0.:14 - 0.:16 0.'13 02
Settiing velodty, Ve, m/min

al= . !
Removak= |-y, 4 1 J'V,da, I VPR L i Ysoz 0.06 M/ in

. 99 = 0.6
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@ j;g-B width = 4 V=60m’
T Qepdh = 3 m
Tl o G = 16 15 A8 [y
'L - | L Ps00 A3 /m’ G = 50 s’ |
w 245
R=0.25

P= 1, 4352x00" Cp €5 N (1-k) (0. 1)

Paddles () © P 1.4352x00% x1.8x 1000 x 0.3 1 5° (0.:75) (r,,)

&G

faddle 2 : Ps 1.4382 /5" x1.8 1000 A 3_0,‘5:,0,7‘.3[(,__#0’3)4_ re]
B = 81738 r% + £0.869 (r+o3)t- r4]
&= P . spe-! = &.173ar%+ 4-0-859[(r+o.3)*_r+j
AV 1.4x157 » 60

= /1452 ™

P i e P e e g th

Pr=23/0Cp b, (1-h Y 7% 4 300 Co b [:-k)sn"{(m 0.3)+-r‘f7







2. . EXAMPLE 12.5

ANALYSIS OF DISCRETE PARTICLE SETTLING

A suspension of particles having an average density of _1406 kg/m® is to
be treated in a tank designed for an overfiow rate of 25 m'/m?-d. For
the particle size distribulion given, determine the fraction F, removed

EFFECTIVE

DIAMETER, MASS
mm FRACTION
0.010 010
0.015 0.20
0.020 025
-0.025 015
0.030 0.05
0.035 015
0.040 0.05
0.045 0.05
SOLUTION:

1. Apply Eq. (1227) to determine the particle velocity for each size and
use the overflow rate 10 delermine the fraction removed in ¢ach,
group. i

4 (9.81)(400)4,
D = P e e—
: 3 /C,(1000)

i\
=229 = m/s
(CD) /

, _25m'/m?-d

= =. —-4
? 2= 56,400 5/ 2.80 X107 * m/s

When- N, > 0.3 the problem must be solved by trial and esror.
Far this problem the values of N are all less than 0.3, so Eq. (12.28) SFeke s Lao

can be used. :

STOKES'LAW , MASS MASS

d,, MASS . VELOCITY, o, FRACTION FRACTION

mm  FRACTION m/s Ng v,/ REMOVED REMAINING
,0.010 0.10 218x107° 221 x107% 0075  0.008 © 0092
0.015 0.20 4901077 7.41x107* 0169  0.034 0.166
0.020 0.25 - 8.72x107% 171 x107? 0.301 0.075 0.175
0.025 015 1362 07° 34 %107 0471 0.071 0.079
0.030 0.0 1962x10~7 58 x107° 0678 0034 0.016
0.035 015 . 2671xX107% 94 x107> 0923 0138 0.012
0.040 0.05 3488 107% 14 X107 0205  0.050 0,000
0.045 0.05 4151077 2.0 x107% 1526  0.050 0.000

Total 1.00 0.460 0.540
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Problem 3.1, p. 64 Reynolds and Richards

t, hours €, mg/L InC,
0 50.8 3.928
7.5 32 3.466
15 19.7 2.981
22.5 12.3 2.510
30 7.6 2.028
Test of zero-order model
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SEPA National Primary Drinking Water Standards

Contaminant MCL or TT1 Potentlal health effects from Common sources of Public
{mglL)2 exposure above the MCL contaminant in drinking water | Health Goal
Acrylamide T8 Nervous system or blood preblems; Added to water during Zero
sewageiwastewater increased
risk of cancer treatment
Alachlor 0.002 Eye, liver, kidney or spleen problems; Runoff from herbicide used on Zero
anemia; increased nisk of cancer oW CIops
Alpha partictes 15 picocuries | Increased risk of cancer Erosion of natural deposits of zero
per Liter cerlain minerals that are
{pCill) radioactive and may emit a form
of radiation known as alpha
radiation
Antimony 0.006 Increase in blood cholesterol; decrease in Discharge frem petroleum 0.006
blood sugar refinenies; fire retardants;
ceramics; electronics; solder
Arsenic 0.010 asof | Skin damage or problems with circulalory Erosion of natural deposits; runoff 0
1/23/06 systems, and may have increased rigk of from orchards, runoff frem glass &
getling cancer electronics production wastes
Asbestos (fibers >10 7 million Increased risk of developing benign intestinal | Decay of asbestos cement in 7 MFL
micrometers) fibers per polyps water mains; erosion of natural
Liter (MFL) deposits
Afrazine 0.003 Cardiovascular sysiem or reproductive Runoff from herbicide used on 0.003
problems Tow crops
Barium 2 Increase in blood pressure Discharge of dniling wastes; 2
discharge from metal refinenes;
erosion of natural deposils
Benzene 0.008 Anemia, decrease in bloed platelets; Discharge from factories; Zefo
increased risk of cancer leaching from gas storage tanks
and landfilis
Benzo{a;pyrene (PAHs) 0.0002 Reproductive difficulties; increased risk of Leaching from linings of water zero
cancer storage tanks and distribution
lines
Beryllium 0.004 Inlestinal lesions Discharge from metal refineries 0.004
and coal-buming factories;
discharge from etecirical,
agrospace, and defense
industries
Beta particles and pholon 4 millirems | Increased risk of cancer Decay of natural and man-made ze70
emitters per year depasits of cerfain minerals that
are radicactive and may emit
forms of radiation known as
photens and beta radration
Bromate 0.010 Increased risk of cancer Byproduct of drinking water zefo
disinfection
Cadmium 0.005 Kidney damage Comasion cf galvanized pipes; 0.005
erosion of natural deposits,
discharge from metal refineries;
runcftf from waste batteries and
paints
Carbofuran 0.04 Problems with blood, nervous system, of Leaching of soil fumigant used on 0.04
reproductive syslem rice and affalfa
Carbon tetrachloride 0.005 Liver problems; increased nisk of cancer Discharge from chemicai plants Zeio
and other industrial activities
D Chloramines (as CI2) MRDL=4.01 | Eye/nose imitation; stomach discomfort, Water additive used to control MRDLG=41
anemia microbes
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Contaminent MCL or TT? Potential hesalth effects from Common sources of Public
{mgiL)2 exposura above the MCL contaminant in drinking water | Health Goal
Chlordane 0.002 Liver or nervcus syslem problems; increased | Residue of banned lermiticide zero
risk of cancer
Chlorine (as Cl2) MRDL=4.01 | Eye/nose imlation; stomach discomfort Water addifive used ta control MRDLG=41
microbes
Chlorine dioxide {as CiO2) | MRDL=081 | Anemia; infants & young children: nervous Water additive used to contrel MRDLG=0.81
system effects microbes
Chlorite 1.0 Anemia; infants & young children: nervous Byproduct of drinking waler 0.8
syslem effecls disinfection
Chlorobenzene 0.1 Liver or kidney problems Discharge from chemica! and 0.1
agricullural chemical {actories
Chromium (total) 0.1 Allergic demmatitis Discharge from steel and pulp 01
mills; erosion of natural deposits
Copper TT7: Short term exposure: Gastrointestinal Comosion of household plumbing 13
Action distress. Long terrn exposure: Liver or kidney | systems; erosion of nalural
Level = damage. People with Wilson's Disease deposits
13 should consult their perscnal doctor if the
amount of ccpper in their water exceeds the
action ‘evel
i Cryptospornidium 173 Gastrointestinal iiness {e.g., diarhea, Human and animal fecal waste zero
vomiting, cramps})
Cyanide (as free cyanice) 02 Merve damage or thyroid problems Discharge from stee/metal 0.2
factories; discharge from plastic
and fertilizer factories
24D 0.07 Kidrey, liver, or adrenal gland problems Ruroff from herbicide used on 007
OW CFOpS
Dalapon 0.2 Mincr kidney changes Runoff from herbicide used on 0.2
rights of way
1,2-Dibromo-3-chloropropa 0.0002 Reproductive difficulties; increased risk of Runoiffieaching from soil zero
ne (DBCP) cancef fumigant used on soybeans,
cotton, pineapples, and orchards
o-Dichlorobenzene 06 Liver, kidney, or circulatory system problems | Discharge from industnal 0.6
chemical faclonies
p-Dichlorobenzene 0.075 Anemia; liver, kidney or spleen damage; Discharge from industrial 0.075
changes in blood chemical factories
1,2-Dichlorcethane 0.005 Increased risk of cancer Discharge from industial 7610
chemical factorjes
1,1-Dichloroethylene 0.007 Liver problems Discharge from industrial 0.007
chemical factories
¢is-1,2-Dichloroethylene 0.07 Liver problems Discharge from industrial 0.07
chemical factones
trans-1,2-Dichlorcethylene 01 Liver preblems Discharge from industrial 0.1
chemical factones
Dichloromethane 0.006 Liver problems; increased risk of cancer Discharge from drug and bichel
chemical factories
1,2-Dichloropropane 0.005 increased risk of cancer Discharge {rom industrial ze10
chemical factories
Di{2-ethylhexyl) adipate 04 Weight loss, live problems, or possble Discharge from chemical 0.4
reproductive difficulties factories
Di{2-ethythexyl) phthalate 0.006 Reproductive difficulties; liver problems; Discharge from rubber and ze10
increased risk of cancer chemical factories
Dincseb 0.007 Reproductive difficulties Runoff from herbicide used on 0.007
soybeans and vegetables
Dioxin (2,3,7,8-TCOD) 0.00000003 | Reproductive difficulties; increased risk of Emissions from waste zefo
cancer incineraticn and other
combustion; discharge from
chemical faclories
Diquat 0.02 Cataracts Runoff from herbicide use 0.02
Endethall 0.1 Stomach and intestinal problems Runoff from herbicide use 0.1
LEGEND
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Contaminant MCL or TT1 Potential health effects from Commen sources of Public
{ma/L)2 exposure above the MCL contaminant in drinking water | Heaith Goal
Endrin 0.002 Liver problems Residue of banned inseclicide 0.002
Epichiorchydrin TT8 Increased cancer risk, and over a long period | Discharge frem industrial zeio
of time, stomach problems chemical factories; an impurity of
some water Ireatment chemicals
Ethyibenzene 07 Liver or kidneys protlems Discharge from petrcleum 07
refineres
Ethylene dibromide 0.00005 Problems with liver, stomach, reproductive Discharge from petrcleum zero
system, or kidneys; increased risk of cancer | refinenies
Fluoride 40 Bone disease (pain and {endemess of he Waler additive which promotes 4.0
bones); Children may get mottled leeth strong teeth; eyosion of natural
deposits; discharge from fertilizer
and aluminum factories
Giardia lamblia T3 Gaslrointestinal iiness (e.g., diahea, Human and animal fecal waste ze10
vomiling, cramgps)
Glyphosate 0.7 Kidney problems; reproductive difficullies Runaff from herbicide use 0.7
Haloacetic acids (HAAS) ¢.060 Increased risk of cancer Byproduct of drinking water niab
disinfection
Heplachior 0.0004 Liver damage, increased risk of cancer Residue of banred termiticide 260
Heptachior epoxide 0.0002 Liver damage; increased risk of cancer Breakdewn of heptachlor 7ero
Heterotrophic plate count T3 HPC has rc health effects; it is an analytic HPC measures a range of n/a
(HPG) method Used to measure the vanety of bacteria that are naturally present
bactena that are common in water. The lower | in the environment
the concentration of bactena in drinking
waley, the belter maintained the water
systemiis.
Hexachiorobenzene 0.001 Liver or kidney problems; reproductive Discharge from metal refineries zefo
difficullies; increased risk of cancer and agncultural chemical
factories
Hexachlorocyclopentadien 0.05 Kidney or stomach problems Discharge from chemical 0.05
a faclories
Lead T Infants and children. Delays in physical or Corrosion of household plumbing 2610
Aclion mental development; children could show systems; erosion of natural
Level = slight deficits in atlention span and leaming depasils
0.015 abilities; Adults: Kidney problems; high blood
pressure
Legioneila 713 Legionnaire's Disease, a type of pneumonia | Found naturalty in water; ze10
multiplies in healing systems
Lindane 0.0002 Liver or kidney problems Runoffleaching from insecticide 0.0002
used on caltle, lumber, gardens
Mercury (inorganic) 0.002 Kidney damage Ercsion of nalural deposits; 0.002
discharge from refineries and
facteries; runoff from landfills and
croplands
Methoxychlor 0.04 Reproductive difficulties Runoffleaching from insecticide 0.04
used on fruits, vegelables, alfalfa,
livestock
Nitrale (measured as 10 Infants below the age of six months who drink | Runoff from fertilizer use; 10
Nitrogen} water containing nilrate in excess of the MCL | leaching from septic tanks,
could become sernously ill and, if unireated, sawage; erosion of natural
may die, Sympioms include shertness of depesils
brealh and blue-baby syndrome.
Nitrite (measured as 1 Infanis below the age of six menths who drink | Runoff from ferlilizer use; 1
Nitrogen) water conlaining nitrite in excess of the MCL | leaching from seplic tanks,
could become seriously ilt and, if untreated, sewage; erosion of natural
may die. Symptoms include shorness of deposits
breath and blue-baby syndrome.
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Contaminant MCLor TT1 Potential health offects from Common sources of Public
ontaminan mg;;_)z exposure above the MCL contaminant in drinking water | Health Goal
Cxamyl {Vydate) 0.2 Slight nervous system elfects Runcofflleaching from insecticide 0.2
used on apples, potatoes, and
tomatoes
Pentachlcrophendl 0.001 Liver or kidney problems; incteased cancer | Discharge from wood preserving zem
risk faclories
Picloram 05 Liver problems Herbicide runoff 0.5
Folychlorinated biphenyls 0.0005 Skin changes; thymus gland problems; Runoff from landfills; discharge of zero
(PCBs) immune daficiencies; reproductive or waste chemicals
nervous system difficulties; increased nsk of
cancer
Radium 226 and Radium 5pCiL Increased nsk of cancer Ercsion of natural deposits zero
228 (combined)
Selenium 0.05 Hair or ingemail loss; numbness in fingers or | Discharge from pelroleum 6.05
loes; circulatory problems refineries; erosion of nalural
deposils; discharge from mines
Simazine 0.004 Problems with blood Herbicide runofl 0.004
Styrene 0.1 Liver, kidney, or circulatory system problems | Discharge from rubber and plastic 0.1
factories; leaching from landfills
Tetrachloroethylene 0.005 Liver problems; increased risk of cancer Discharge from factories and dry z7er0
cleaners
Thallium 0.002 Hair loss; changes in blood; kidney, inlestine, | Leaching from ore-pracessing 0.0005
or Inver problems siles; discharge from electronics,
glass, and drug factories
Toluene i Nervous system, kidney, or liver problems Discharge from petroleum 1
factories
Total Coliforms {inciuding 5.0%4 Not a health threal in itself; it is used lo Coliforms are naturally present in zero
lecal coliform and E. coll) indicate whether other potentially hammiu) lhe environment as well as feces;
bacteria may ke presentd fecal coliforms and E. colf only
come from human and animal
fecal waste.
Total Tahalomethanes 0.10 Liver, kidney or cenlral nenvous system Byproduct of drinking waler nfab
(TTHMs) 0.080 problems; increased risk of cancer disinfection
after
123103
Toxaphene 0.003 Kidney, liver, or thyroid problems; increased | Runofifeaching from insecticide zero
risk of cancer used on cofton and caltle
2.4 5-TF (Silvex) 0.05 Liver problems Residue of banned herbicide 0.05
1,2,4-Trichlorobenzene 0.07 Changes in adienal glands Dischrarge frem texlie finishing 0.07
factones
1,1,1-Trichloroethane 02 Lives, nervous syslem, or circulatory Discharge from metal degreasing 0.20
prablems sites and other faclories
1,1,2-Trichloroethane 0.005 Liver, kidnay, or immune system problems Discharge from industmal 0.003
chemical factories
Trichloroethylene 0.005 Liver problems; increased risk of cancer Discharge from metal degreasing zefo
sites and other factories
Turbidity T3 Turbidity is a measure of the cloudiness of Sail runoff nfa
water. I is used to indicale water quality and
filtration effectveness (e.g., whether
disease-causing organisms are present).
Higher turbidity levels are often associated
wilh highet levels of disease-causing
micro-organisms such as viruses, parasiles
and some baclenia. These organisms can
cause symploms such as nausea, cramps,
] diarhea, and associated headaches.
Uranium 30 ugl Increased risk of cancer, kidney toxicity Erosion of natural deposits zefo
as of
12/08/03
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Contaminant MCL or TT1 Potential health effects from Common sources of Public
(mgu_;z exposure above the MCL contaminant in drinking water | Health Goal

Vinyl chloride 0,002 Increased risk of cancer Leaching from PVC ripes; ZEr0
discharge from piastic faciories

Viruses (enteric) 713 Gaslicintestinal illness {e.g., diarthea, Human and animal fecal waste 7600

vomiting, cramps)

Xy'enes (total} 10 Mervous system damage Discharge from petroleum 10
faclories; discharge from
chenical faclories
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National Secondary Drinking Water Standards

National Secondary Drinking Water Standards are non-enforceable guidelines regulating contaminants that may cause cosmetic effects (such as skin or
tooth discoloration) or aesthetic effects (such as tasle, odor, or eclor) in drinking water. EPA recommends secondary standards to water systems but does
not require systems to comply. However, states may choose lo adopt them as enforceable standards.

Contaminant Saecondary Standard
Aluminum 0.05100.2 mg/L
Chloride 250 mg/L
Color 15 {color units)
Copper 1.0 mglL
Cormosivity noncormosive
Fluoride 2.0 mg/lL
Foaming Agents 0.5mglL
Iron 0.3 mglL
Manganese 0.05 mg/L
Odor 3 threshold odor number
pH 6.598.5
Silver 0.10 mgit
Sulfate 250 mg/L
Total Dissolved Solids 500 mg/L
Zinc 5mglL

Office of Water (4606M)

EPA 816-F-03-016

www . epa.gov/safewater

June 2003







ENCE 4323

SETTLING VELOCITY OF DISCRETE PARTICLES

g= 9.81 m/s?
Particle density = 1400 kg/m?
Fluid density = 1000 kg/m?
Kinematic viscosity = 1.31E-06 m%/s
Particle diameter = 1.00E-05m

sing Goal Seek, cell B16 must be zero while cell 812
ives the settling velocity

Assumed Vs = 1.661780E-05

Re = 1.268534E-04

Co = 1.894615E+05

Calculated Vs 1.661780E-05
ssumed Vs - Calc. Vs 0.000000E+00






ENCE 4323
COURSE PROJECT

This is an open-ended preliminary design of a water treatment plant for a maximum daily flow
rate of 1.0 m*/s at the end of the design period. This preliminary design will closely follow the
example presented in Qasim’s book. Therefore, read in detail pp. 91-117. We will use exactly
the same hypothetical Modeltwon, with the same raw water characteristics and proposed
treatment facilities.

TASK 4: High-rate, tube settler sedimentation basins
DRAFT DUE 11/9/09

Prepare the preliminary design of the high-rate sedimentation tanks using an approach similar to
that presented in Section 9.3, Qasim’s book, adapted to the case of high-rate tube settlers (for
exainple, see http://www brentwood-ind.com/water/tubesettlersystems.html). Do not use exactly
the same approach presented in the book because it corresponds to conventional settling tanks.

Your report should include engineering drawings similar to Figures 9-14, 9-15,9-16, 9-17, 9-18,
and 9-20. You should also submit brochures of the settling modules you will be using in your
project.






ENCE 4323
COURSE PROJECT

Final report due date: 12/2/09

This is an open-ended preliminary design of a water treatment plant for a maximum daily flow
rate of 1.0 m*/s at the end of the design period. This preliminary design will closely follow the
example presented in Qasim’s book. Therefore, read in detail pp. 91-117. We will use exactly
the same hypothetical Modeltwon, with the same raw water characteristics and proposed
treatment facilities.

TASKS 5 and 6: Filtration-disinfection
DRAFT DUE 11/23/09

5. Prepare the preliminary design of a dual media (anthracite-sand) filter and submit:

. All calculations, including:

Number of filtration units

Filter box dimensions: surface area, box depth...

Media particle size specifications and media depth

Water depth, upstream and downstream

Design or selection of commercially available drainage system

Design or selection of commercially available surface backwash system
Dimensions of the filter piping system: influent, effluent, wash water, drainage

Backwash system: backwash water troughs, gullet, elevated tank, pipe and

fittings.
. Engineering drawings, and catalogs of the equipment to be used.
6. Prepare the design of a disinfection system including:
. All calculations:

- Reactor volume and dimensions. Assume the first user is located at 1000
m from the water treatment plant. Make any other assumptions you deem

necessary, stating them clearly.

- Chlorine dosage.

. Engineering drawings, and catalogs of the equipment to be used.






ENCE 4323
COURSE PROJECT

This is an open-ended preliminary design of a water treatment plant for a maximum daily flow
rate of 1.55 m?/s at the end of the design period. This preliminary design will closely follow the
example presented in Qasim’s book. Therefore, read in detail pp. 91-117. We will use exactly
the same hypothetical Modeltwon, with the same raw water characteristics and proposed
treatment facilities.

TASK 4: High-rate, tube settler sedimentation basins
DRAFT DUE 11/1/10

Prepare the preliminary design of the high-rate sedimentation tanks using an approach similar to
that presented in Section 9.3, Qasim’s book, adapted to the case of high-rate tube settlers (for
example, see http://www.brentwood-ind.com/water/tubesettlersystems.html). Do not use exactly
the same approach presented in the book because it corresponds to conventional settling tanks.

Your report should include engineering drawings similar to Figures 9-14, 9-15, 9-16, 9-17, 9-18,
and 9-20. You should also submit brochures of the settling modules you will be using in your
project.






ENCE 4323
Assignment No. 3 — Duc 10/27/10

A rapid sand filter operates with an effluent rate controller provided with a gate valve, and works
at a constant rate of 28.3 L/s. The gravel, sand, and water depths are 0.6 m, 1.0 m, and 1.5 m,
respectively (see attached graph below). The water level at the filter box is fixed at an elevation of
3.1 m, and the water level at the effluent channel remains constant at 0.0 m. The head loss through

the sand, the gravel, and the filter bottom is 30 cm at the beginning of the filter run, and 2.4 m at
the end.

a) What is the available head at the beginning and at the end of the filter run, and what is the
head lost at the rate controller?

b) Assume that the rate controller works as an orifice,i.e. V= c,/ZghL , and that the head

loss in the effluent pipe is negligible. If the velocity through the rate controller at the end
of the run is 0.6 m/s, calculate the velocity through the rate controller at the beginning of

the run.
Constant level =3.1 m
A4
: l:
Water (1.5 m) ':
)
tH=3.1m
Sand (1.0 m) E
E Constant level = 0.0 m
___________ Gravel 0B s b( VAVA

Controller
The following are the turbulent and clean laminar head losses in a rapid granular filter operated
under declining rate conditions:

e Sand: hs= 532V

e Anthracite: hra 15.1V

o Drainage pipes  hpg 1441.9 V?

o False bottom: hy= 0.7V?

o Minorlosses:  hi,= 1510.0 V?

In all these expression, V is the filtration rate expressed in m/s. The maximum available head for
filtration is 1.15 m, and the dirty-filter head loss at the minimum filtration rate of 12.54 cm/min is

0.77 m. Find the additional turbulent head loss that must be introduced by an orifice plate in the
influent pipe to balance the filter hydraulics.

The turbulent and clean laminar head losses in a rapid granular filter operating under declining
rate conditions are the same as those given in problem 2. The maximum available head for
filtration is .15 m. If the average filtration rate is 20 cm/min, the minimum filtration rate is 70 %
of the average rate, and the maximum filtration rate is 1.3 times the average rate, find the dirty-

filter laminar head loss assuming there is an orfice plate in the influent pipe to balance the filter
hydraulics.
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ENCE 4323
COURSE PROJECT

This is an open-ended preliminary design of a water treatment plant for a maximum daily flow
rate of 1.55 m’/s at the end of the design period. This preliminary design will closely follow the
example presented in Qasim’s book. Therefore, read in detail pp. 91-117. We will use exactly
the same hypothetical Modeltwon, with the same raw water characteristics and proposed
treatment facilities.

TASK 3: Flocculation basins
DRAFT DUE 10/20/10

Prepare the preliminary design of the mechanical flocculators using an approach similar to that
presented on pp. 272-287 Qasim, adapted to the new flow rate.

Do not use 3 stages, as in the book. Rather, use 4 stages, with the velocity gradient ranging
from 50 sec ' in the first stage down to 10 sec” in the fourth stage. Show all your calculations
of velocity gradient in each compartment.

Use baffle walls between flocculation stages, and a diffuser wall between the last flocculation
chamber and the sedimentation tank. Your report should include engineering drawings similar to
Figures 8-16, 8-17, 8-19, and 8-21, and brochures of the mechanical equipment you have
selected for the flocculators. It should include the design of the diffuser walls.
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Fig. 27-4. Sphericity and shape factors of granular (not flakelike) materials and 1ypical

(e)

porosities associated with them in stratified rapid sand-filter beds,

Shape Typical
Description Sphericity, p Factor, § Porosity, [
(a) Spherical 1.00 6.0 0.38
(&) Rounded 0.98 6.1 0.38
(¢y Worn 0.94 6.4 0,39
() Shurp 0.81 7.4 0.40
(¢} Angular 0.78 1.7 - 0.43
(f) Crushed 0.70 3.5 0.48
;-J
o
i
G
v 99 )
|
}‘ 38 i | /’ ’ I lﬁ
-\;) 95— Filter sand, {wanted) N 4 - T
~ g E=5x 10 2em 7= 151 / H
o i T
3 1 ‘ Stock sand, (available)
$ a0 I 7 E=3x10 “em, U=|2.f Nl Table 27-2 U.S. Sicve Series
N o 70 i ~ W Sieve Size of Sieve Size of
E gso "E/ | i Dcsignmio-n. Qpening, Desigration, Opening,
v > 50 : - Numter mm MNumber mm
5 540 7 Anatysis of stock sand -1 200 0.074 20 0.84
%20 / 1 Size ot Cumulative |— 140 0,105 (18) (1.00)
el A 400 separaton waght 100 0.149 16 1.19
S 20 TR & T 70 0.210 12 168
g2 145 05 56 0.207 g 2.38
“ 10 / / 210 @ ] 40 0.42 6 3.36
2 5 i 213 - k¥ 0,59 4 4.76
2 o 59 9.4
-~ Vi 84 59.8 ¢ Approximately the number of meshes per inch,
g 2 119 74.4 e
= / A 168 933
3 1 3 235 96.8 =1
§ o5~ ' [/ P 336 woa |
5 0
k) 0.2 / I [ ] : | 1 i |
0.1 ' 10 R N
10 2 34 567894 2 3 4 S5 67891

Size of separation, cm

Fig. 27-3. Grain size distribution ol a stock sand and required sizing of a flter sand.
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Geornetric mean,

0.23

0.082

0.018

0.02

0.108

0.29

0.34

0.044

0.0058

0.0002

ANTHRACITE
Cumulative %
Sieve No. Size, mm  passing sieve [ oo
7 2.8 100 ,E)‘ 0.001
8 2.36 99.9 4 @7

9 2 98.7

10 1.7 92

12 1.4 68

14 1.18 33

16 1 10

20 0.85 1.8

pan 0 0

SAND

14 1.18 99.8

16 1 97.8

20 0.85 87

24 0.71 S8

28 0.6 24

32 0.5 5

35 0.425 0.6

42 0.355 0.02

pan 0 0

Anthracite head loss:
h, 180

2
& % 0.010035% % v
L og1 22 s

em _1min_(1-0.56) 1
—_— X X X

di, cm
0.257
0.217
0.184
0.154
0.129
0.109
0.092

0.000

0.109
0.092
0.078
0.065
0.055
0.046
0.039

0.000

min 605

0.56*

0.52*

LLIQ- =0.007%; h,=00079x045xv;, £, =0.003525v

Sand head loss:

2
By _ 180 6010039 xy

L gg 22 s
b

em _Imin (1 —0.42)1 1
—X X X

min 605

0.42?

%:0.05%; By =0057%x030xv; hy=00171v

0.75?

x 62.649

p/d;}

0.015
0.254
1.971
10.084
21.186
19.492

9.647

62.649

1.695
12,706
48,053
79.812
63.333
20.706

3.844

230.149

CH!2

x230.149
om

Total Laminar Head Loss = 0.003525v + 0.0171v; h, = 0.02063v, (v = cm/min})

=0.001/0.257%

= 0.082/0.092°
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27-18 Filter Gravel

Perforated pipe grids are only one part of an underdrainage system.
The other part comprises the stone and gravel that surround the grid and
support the sand bed. This system of collecting and distributing waterways
1s seldom less than 10 or more than 24 in. thick. For particles sized by
screening, the depth, /, in inches, of a compouent gravel layer of size d
in,, where d > 3/64in., may be estimated with much success from the
following equation:

{ = k(logd + 1.40). (27-28)

Here k varies numerically from 10 to 14.2 Stones as large as 3 in., but
generally no larger than 2in., are placed near the pipes. To keep the

T AT

. '23%" sand

O
r
Hl -5
+———-
e
5 WX
Py
45° e U-25
. X IO
Pairs R\ N Sirgle orifice
orifices
{a) (b)

Fig. 27-9. (a) Asymmetrical and (4) symmelrical sequences of gravel below a sand bed.

18 §. R. Baylis, Filter Bed Troubles and Their Elimination, J. New England Water Works
Assoc., 51, 17 (1937). .
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ENCE 4323
HEAD LOSS THROUGH CLEAN FILTERS
Flow through filtering media (sand, anthracite, gravel) is laminar.

e Poiseulle's equation for Jaminar flow in circular conduits (head loss is proportional to velocity):

h=kE LY
pL g
where:
head loss
constant
water absolute viscosity

water density
conduit length
conduit diameter
v; velocity

g = gravity constant

OrC-o RE R Z
[l

Il

e Consider that water flowing through a filter 1s flowing through many conduits with irregular cross
section.

e Substitute I> =4R (R = hydraulic radius) in Poiseulle's equation:

v, = inlerstitial velocity
L = bed depth.

¢ By definition,

_ Cross sectional area « Conduit fength

Wetted perimeter  Conduit length

Total pore volume

" Sand external surface arca

Pore Volume = (bed porosity) x (total volume).






Fig. 27-4. Sphericity and shape factors of granular (not akelike) materials and typical
porosities associated with them in stratiffed rapid sand-filter beds.

i Shape Typical N -
Deseription Sphericity, v Factor, § Poropsity, f = dlmmc;:’::;:;;:zr:;;il::: sphere
(a) Spherical 1.00 6.0 0.38 s=2
(&) Rounded 0.98 6.1 0.38 '
(¢} Worn 0.94 6.4 0.39
(d) Sharp 0.81 7.4 0.40
() Angular 0.78 7.7~ 0.43
(/) Crushed 0.70 8.5 0.48 .

« Substitute hydraulic radius and interstitial velocity in Poiseulle’s equation:

v
_kpL ¢
0 leg[_e_ d)z
—£w6
1— 2 2 2
hy Kp (-e) (6 (lj;Kzs.o
L gp £ 17 d

hy _180p (-e) (1 z(lT
L gp € \wyj)\d

Fair and Hatch equation for uniform-size, clean sand beds.

3







FAIR AND HATCH’S APPROACH FOR STRATIFIED BEDS

e Bed is composed of » layers of thickness L;, such that X1, = L,
. Assume L; = p; L, where p, is the fraction by welghl of particies with size d,
= @ Xdep. oo s gl J. o
. Apply Fair and Hatch’s equation to layer 7: el
180 u (1—¢) 1 ‘
hi = -V 3 Li 2 12 VRS
8 P € wd,
But, since h, = X A, we can write
i=]
L, _180u (1-€)'( 1 L
o = —v — —t
g p £ y ) Sd’
2
180u (1-e)'( 1) &pl
hy = Ev( 3) (_J ZP_‘{
g8 P € ) a4
2
By 180 (1-e)( 1Y & p
—_— = —vy —_ —_—
L gp & \y)3Fd
X e S . i .
» Notice that fz(constant)(v), which is Darcy's law for flow in porous media.
usually writlen as v= P-};—O , where P is the permeability coefficient. _
[ ,’ ; ' oy A SR s 0;73’
L . L_ }— f ‘J"ff' ir h,-;'i#;’- o /J{A\"' b ST 4 lrl - F G //: Tl l .
\
— A i 7 . + R e — s {, _ - \ﬁ
v Atbac’s Bt dom st 135 7 0.5¢ P 0.57,
F.-.. / f/r'ff' s ; ,’.;/-ﬂ /< /0 -,
e he P
J r(i,f‘ ’, /( / I" ’ ,:Il/ // F/
-’"’I}o —b’? Z, r/ (‘(¥*L “”j ."; /‘,// ( /
< (:"'f‘ i 1, ra /
/;l"fj; " " Cir/ Vsl i | r Coa / -:- [§ f’ { { I “/."'}v""
o \MEY
]?ﬂ - (OH)[;///(‘ 67 ’ ‘-lljf‘,f;_‘ ffjr/u
G i _/f' ‘:‘, g
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Darcy’s law is
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PREDICTING BED EXPANSION DURING FILTER BACKWASH
Call:
L = Thickncss of unexpanded filter media during filtration
L. = Thickness of expanded filter media during backwashing
e = Bed expansion
£ = Porosity of the unexpanded filter media during normal filter operation
Ee = Porosity of the expanded media during backwashing
vV = Volume of solid particles in the filter
Vr = Total volume of the filler
A = Filter top surface arca
v = Backwash rate
Vs = Settling velocity of single particles
n = Exponent in Richardson and Zaki equation (n =4.5 - 5)
Define bed expansion by: e = (Lo~ Li/Loiiiiiiiiieieee
Bed porosity is given by: £ = (Vi VIV rerioiciiieerieeenceae
From (2) the total volume is given by: Vr = VeT-6) i,
Since V1 = AL, AL = Ve/lI-E) e

Similarly, the total volume of the expanded bed during backwashing can be expressed as
follows:

AL = A0 I T

Combining equations (4) and (5) we gel:

.......................................................................................................................

(5)
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FIGURE 24-35,

Height and spacing of wash troughs.

higher upflow velocity when flow gets above the
trough bottom elevation and the U-shaped troughs
allow for thinner walls because of a higher moment
of inertia and greater structural integrity. The bot-
tom of the wash trough should not be flat because

Granular Filters Vo

R l' 541
froth and suspended matter is often trapped under
the trough bottom and may never be washed out.

In either case, the troughs should be large
enough to carry the maximum expected wash rate
with 5-10 cm free-fall into the trough at the upper
end. They should also provide a free-fall to the main
collection outlet gullet at the lower end. The bottom
of the trough may be either horizontal or sloping.

The required cross-sectional area of the wash
trough for a given design flow can be quickly esti-
mated from Figure 21-36. For troughs that have
level inverts and rectangular cross section, required
trough height can be computed by the following for-
mula:

43
Minimum trough height = (%) + free board

where @ is the total flow rate of discharge (m¥/sec),
B is the inside width of the trough (m), and, free-
board should be a minimum of 50 mm (2 in.).

Filer Underdrains

Filter underdrainage systems differ primarily due to
the different filter-washing systems and filter types

Flow per lrough, It3/sec

H = W o
23RUBIR5288238288558858388
ZOO_JFJNNmmvvvu-im'ucit.ciréréudmimmoi.-‘.-..-.._..-.
19
18
17
16
15 ] h'é"
14 A ] ’/-I'
2 F, 8 P,
3 d -,
o
12 & ks
2 T
o I LTS -,
=10 AT oA A 1]
= N and) 1]
g-—u—u—#d L L
=l - =
gl ._E
7 ]
aH ws
5 H]
4 u
3 :]—
o9 00000 Qoda o o =] =
§83888885¢c588¢8 3
—_— e e omm em N Y YO '3}
Flow per treugh,
FIGURE 21-36. Wash-through sizing diagram. (Courtesy of Leopold Co.)
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Wastewater (Quality 103

TABLE 5.2 Typical Characteristics of Untreated Municipal Wastewater in the United
States

CONCENTRATION

CONSTITUENT Strong Medium  Weak
Solids, total; 1250 800 450
Dissolved, total: 890 560 350
Fixed 295 295 185
Volalile 595 265 165
Suspended, total: 360 240 100
Fixed 145 75 25
Volatile 215 165 75
Settleable solids, mé€/¢€ 7 5 3
Biochemical oxygen demand, 5-day, 20°C. (rons, 20°C) 400 200 100
Total organic carbon (ToC) 290 145 75
Chemical oxygen demand {con) 910 455 230
Nitrogen (1otal as N): 75 40 16
Organic 40 20 8
Free ammonia 35 20 R
Nitrites 0 0 0
Nitrates 1] 1] 0
Phosphorus (total as P): 15 g 4
Organic ) 5 3 1
Inorganic 10 5 3
Chlorides” 83 42 21
Alkalinity (as CaCOy)" 200 100 50
Grease 40 20 5

All values cxcept seitleable solids are cxpressed in mg/€.

1mg/€ = lgim®

IV alues should be increased by the amount in the domestic water supply.

Adapted from Warer Supply and Sewerage by E. W. Sicel, 4th ed. Copyright © 1960 by
McGraw-Hili Book Company, Tnc.; and from Wastewater Engineering: Treatment, Disposal
and Reuse by Metcalf and Eddy, Inc., 3rd ed. Copyright © 1991 by McGraw-Hill, Inc.
Reproduced with permission of McGraw-Hill, Inc.






TABLE 8-1 Description of Coarse Screens

Type Location Description

Bar racks or Ahead of pumps and Bar racks may be manually cleaned or mechani-
bar screcns grit removal facilities  cally cleaned. Manually cleaned racks are pro-

Coarse woven-
wirc media
screens

Comminutor

Behind racks or ahead
of trickling fileers

Used in conjunction
wilh coarse screens

vided a1 small wastewater ueaunent facilities.

These are flar-, basket-, cage-, or disk-type
screens used to remove relatvely smaller parti-
cles. The screens are cleaned by removing them
from the channel. The new types of coarse
screens usc moving screens. They are similar 0
fine screens in design. They have vertical or
drum-type arrangement with wire mesh or screen
cloth. The solids are continuously removed into
the receiving roughs. The openings may vary
from 3 to 20 mm depending on the needs for
solids removal.

Comminutors are grinders that cut up the mate-
nals retained over screens. They wtilize cutting
tecth or shredding devices on a rotaung or oscil-
lating drum that pass through stadonary combs,
screen, or disks. Large objects are shredded that
pass through thin openings or slots 0.6-1 cm.
The comminutors are almost submerged. Manu-
facrurers’ rating tables are available for different
capacity ranges, channel dimensions, submer-
gence, and power requirements. Provision (o
bypass the comminutor is always made.

TABLE 8-3 Design Factors for Manually Cleaned and Mechanically Cleang"d Bar

Racks
Manually  Mechanically
Design Factor Cleaned Cleaped
Nhocy™” () 0.3-0.6 0.6=1.0
Bar size
Width (smmm) 4-8 8-10
Depth (mm) 25-50 50-75
Clear spacing between bars (mm) 25-75 10-50
Slope from horizontal (degrees) 45-60 75-85
Allowable head loss, clogged screen (mm) 150 150
800 800

Maximum bead loss, clogged scrcen (mm}

Source: Adagted in part from Refs. 1,3, and 6
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ENCE 4323
wiv, (27, 2.7 @
GRIT REMOVAL

e Two characteristics of grit:
o Non biodegradable
o Settling velocity > settling velocity of organic matier.

Grit removal has three major purposes:
o Protection of moving mechanical equipment from abrasion
¢ Reduction of pipe clogging caused by grit deposition at pipe bends
» Reduction of frequent digester and setiling tank cleaning. Digesier protection is most important.

Particles to be removed: = 0.2 mm, v, =1.15 m/min

Process consists of keeping constant flow velocity in the chamber s0 as to remove grit while avoiding
settling of organic mater.

Three kinds of grit chambers:
s Horizonmal flow: water flows through the chamber in the longitudinal direction.
e Aerated grit chamber: spiral flow in the chamber
e Vortex.

Horizontal Flow Grit Chambers

Flow through velocity must be inaintained between 0.25 and 0.4 mv/s. Good design value: v, =03 m/s

But: variable flow rate = variable depth = variable velocity.

/-
Why? Manning’s formula for rectangular channels of width = w and waterdepth=D: (D /' 7~ / EF,“ A
. " s ! ) I
(WD)m 'Sl.'z . . / , _f{: s
= If Q varies, D wil] vary. i
e n (2D+w)™" Q v '
If D varies,

i{ wb Y7
from v:—[ ) 5%, we see that v will vary.
n\2D+w

To get constant velocity under variable flow rate, use a contrel section.

e (Control section: Section that uniquely establishes the elevation of the hydraulic and energy
gradients. Depth is fixed by cnergy considerations independently of such
factors as channel roughness and slope.

¢ At the control section,

o depth of flow = critical depth
c flow velocity = critical velocity

o = , which is a hydraulic property of a control section







CONTROL SECTIONS USED IN PRACTICE

1. Rectangular control section downsiream of a grit chamber with trapezoidal cross section
v: D
Write the basic formula of criticat depth 2# = 7‘ in terms of flow rate:
o e e T 2
9
27 D frilaciupt, . o
E% =—=; hut 4, = wD . |Q= WJED:” This is the flow rate through a rectangular opening at
g cr;ricar ,
which critical depth is occurring. y
! ]
Let us find the shape of the channel that will give us a constant velocity of 0.3 m/s, L T |
— | 7;/( |“
The cross sectional area is 4= _[O) tdy , where 1 is the width at depth y . / ~
. ¥ miy / T P - ’
The flow rate through this channel would he: O =v _[0 tdy = 0.3—_[0 dy y
s . e b
This flow rate must be equal to the flow rate through the control section:
> 32, g I . .
0.3_[0 tdy = ngy ; differentiating both sides of the equality get:
3
0.3tdy = WJE[Ey’ 2dy}
{ 02 , .

that finally leads to |y =/ , which 1s the equation of a parabola'./

Therefore, if the control section is rectangular, the upstream channel must have a parabolic cross section,
In practice, the parabolic cross section is approximated by a trapezoidal cross section (see Fig. 7.6, p. 140

R&R)
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(Taken From “Wastewater Treatment Plants, Planning, Design, and Operation,” Second edition
by Syed Qasum Technomlc Pu}:llshmg Company)
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TABLE 13-3 Description and Design Paramarers of Vanous Activated Sfudge Process Modifications

PR

Sludge Food to - '

Process Retenton . MO Acrator Aeration Reclrcula-
Modif- Flow ‘Time, 0, /( Ratio®  Loading® MLSS® Perdod tion Ratio
cation Briet Description Regime @ ;  @"h (kg/m’d) (mg/L) (h) Q./02
Conven- The influent and rewurned sludpe  Plopg 5--15 0.2-04 '/0.370.6 1500-3000 4-8 0.25-05
tional enler the tank at ihe head end / ~oaT ot -

of the basin and are mixed by Lo Sf Tase

the acration system |Figure . ". . / T

13-5()l, Xy Lo Kx it
Tapered The tapered aeraton system is Plug 5-13 0.2-0.4 0.3-0.6 1500-3000 4-8 0.25--0.5
aeration stmilar to the conventional

activated sludge process, The
major differcnce is in armange-
ment of the diffusers. The dif-
fusers are close together at the
infiuent end where more Oxygen
is needed. The spacing of dif-
fusers is increased toward the
other end of the acration basin,

Step-feed The infiuent is applied at Plug 5-15 0.2-04 0.6-1.0 2000-3500 3-5 0.25-0.75
zeration scveral points in the acration

basin. Generally, the tank is

subdivided into three or more

parallel channels with amund-

the-endt baffies, and the influcet

is applied at separate chanmels

or steps. The oxygen demand is

uniformly distributed [Figure

13-5(b)].
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Figure 13-5 Modifications of the activated sludge process: (a) conventional, (b) step aeration,
(c) complete mix, (d) oxidation ditch.
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LAV AV
TRICKLING FILTER DESIGN — PLASTIC PACKING

Most common formula is Eckenfelder's formula;

A n
£=exp —k.DS]'| —
S; Q

where:
Se = BOD; of settled effluent from the filter, mg/L
S, = BOD:; of settled influent wastewater applied to the filler, mg/L
kt = removal rat¢ constant, m/d at temperature T°C, given by:
n,-T,
k]f', — kne( 2 l)
] = temperature correction coeflicient (commonly, 8 = 1.08)
Kysec = 0.025 - 0.06 m/d
D = filter depth, m
Sa = specific media surface area, m*/m’
A = filter top surface area, m’
Q = volumetric flow rate applied to the filter, m*d
Qp = plant flow rate, mY/d

Q_p \ Si Se _ Se
3 7] Senling
So Q -

Qr, Se

Sp + S,
Mass balance at x: QPSO + @S, = (QP + QR)Si s 8= QA’._D__R._.
Qp + Q,R
S, +aS S5, -5
Divide numerator and denominator by Q,: S, = L=< or a=—=2—L where a= &
l+a S-S, .
ned papl

Example: Design a plastic-medium tower filter to replace some existing facultative ponds that are now used to treat
wastes from a rural community in which a small vegetable cannery is located, The following information and data apply.
Design domestic wastewater flowrate = 10 000 m*/d

Sustained-peak scasonal cannery flowrate (May through October) = 5000 m*/d.

Average year-round domestic BODs = 220 mg/L; Industrial waste BOD = 1000 mg/L

Temperature data; Susiained low for May and October = 20°C; sustained low for January = 0°C

Effluent BODs requirement = 30 mg/L

BOD; removal rate constant at 25°C = 0.1 m/d

Temperature correction coefficient = 1,08

Specific area of filier packing material = 85 m%/m’

Maximum allowable filter height because of local sile restrictions = 10 m

0 The value of the coefTicients m and n in Eckenfelder’s Eq. were found to be = 1.0
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COMPARISON OF REACTOR SIZE FOR THE SAME PERFORMANCE

/ Sare R tor
_ _ om 7|
Reaction Order lerstr lrrr T
PER
- c, —-C - c, -C 1,
ZC]’OZ rA = - kﬂ ICFSTR - Aﬂk 4 IFFR = AOk A %F‘z l
0 0 PFR
C_Ao_l
First: ry = - k,C4 EZ‘F.STR = CAO CA _PF.? _l_ln&n- ’(j‘.STR = CA
kICA kl Ae tpin ]nC_Ao
A
— C 1 C
A A PFR X PFR A
’\2CAO CA'
Conversion|— (tesrry/(Corn) Conversion }— (Eesriy/ (tora) Conversion — (Ecsra)/ (tpre)
First order{ 2nd. ord. First order} 2nd. ord. First ord. | 2nd. ord.
0.999 144.62 1000.00 0.66 1.80 2.94 0.32 1,22 1.47
0.99 21.50 100.00 0.65 1.77 2.86 0.31 1.21 1.45
0.98 12.53 50.00 0.64 1.74 2.78 0.30 1.20 1.43
0.97 9,22 33.33 0.63 1.71 2.70 0.29 1.19 1.41
0.96 7.46 25,00 0.62 1.69 2.63 0.28 1.18 1.39
0.95 6,34 20.00 0.61 1.66 2.56 0.27 1.18 1.37
0.94 557 16.67 0.60 1.64 2.50 0.26 1.17 1.35
0.93 5.00 14.29 0.59 1.61 2.44 0.25 1.16 1.33
0.92 4,55 12.50 0.58 1.59 2.38 0.24 1.15 1.32
0.91 4,20 11.11 0.57 1.57 2.33 0.23 1.14 1.30
0.90 3.91 10.00 0.56 1.55 2.27 0,22 1,14 1.28
0.89 3.67 9.09 0.55 1.53 2.22 0.21 1.13 1,27
0.88 3.46 8.33 0.54 1.51 2.17 0.20 1.12 1.25
0.87 3.28 7.69 0.53 1.49 2.13 0.19 1.11 1.23
0.86 3.12 7.14 0.52 1.48 2.08 0.18 1.11 1.22
0.85 2.99 6.67 0.51 1.46 2.04 0.17 1.10 1.20
0.84 2.86 6.25 0.50 1.44 2.00 0.16 1.09 1.19
0.83 2.76 5.88 0.49 1.43 1.96 0.15 1.09 1.18
0.82 2.66 5.56 0.48 1.41 1.92 0.14 1.08 1.16
0.81 2.57 5.26 0.47 1.40 1.89 0.13 1.07 1.15
0.80 2.49 5.00 0.46 1.38 1.85 0.12 1.07 1.14
0.79 2.41 4,76 0.45 1.37 1.82 0.11 1.06 1.12
0.78 2.34 4.55 0.44 1.36 1.79 0.10 1.05 1.11
0.77 2.28 4.35 0.43 1.34 1.75 0.09 1.05 1.10
0,76 2.22 4.17 0.42 1.33 1.72 0.08 1.04 1.09
0.75 2.16 4.00 0.41 1.32 1.69 0.07 1.04 1.08
0.74 2.11 3.85 0.40 1.31 1.67 0.06 1.03 1.06
0.73 2.06 3.70 0.39 1.29 1.64 0.05 1.03 1.05
0.72 2.02 3.57 0.38 1.28 1.61 0.04 1.02 1.04
0.71 1.98 3.45 0.37 1.27 1.59 0.03 1.02 1.03
0.70 1.94 3.33 0.36 1.26 1.56 0.02 1.01 1.02
0.69 1.90 3.23 0.35 1.25 1.54 0.01 1.01 1.01
g.68 1.86 3.12 .34 1.24 1.52
0.67 1.83 3.03 0.33 1.23 1.49
C‘ CO"C(‘“‘:O*?’ {/g’h ‘{bf ‘(-‘L’e . .
Conversion = |- o, ~ CHTR 35 aleays (xrger than PPR Yor same @ § conversior
(]

~ Vol ralie ince. v/ reailion order

— T+ willbe showa ot

& the Seme reatlir vyf

fFl? 05 41#47, mere emg;tﬂf 'H'Hl’"l CF‘TK

T,70
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SIZE COMPARISON BETWEEN N EQUAL-SIZED CSTRs CONNECTED IN SERIES AND SINGLE PFR (FIRST-ORDER REACTION) - Eq. 4

. Ratio of V; to Vg forN = . Ratio of V; to V. for N =
Conversion : ) 3 2 5 0] |Conversion 1 2 3 4 6 10
0.899 144.6201 8.8662 3.8087 26772] 1.8781{ 1.4408 Q.50 1.4427| 1.1952| 1.1250) 1.0919]| 1.0601| 1.0355
0.99 214976 3.9087 2.3723 1.8781]| 1.5041) 12701 0.49 1.4269( 1.1889] 1.1211] 1.0891| 1.0583[ 1.0344
0.98 12.5255 3.1038 2.0583 1.6965] 1.4101} 1.2238 .48 1.4116( 1.1629] 1.1174( 1.0864| 1.0565( 1.0334
0.97 9.2208 2.7226 1.8978 1.6002| 1.3585| 11978 0.47 1.3968[ 1.1769] 1.1137| 1.0837] 1.0548| 1.0324
0.96 7.4560 2.4853 1.7932 1.5360| 1.3234| 1.1797 0.46 1.3825[ 1.1742] 1.1101{ 1.0811]| 1.0532{ 1.0315
0.95 6.3424 2.3181 1.7169 1.4884| 1.2969| 1.1659 0.45 1.3686| 1.1655} 1.1066] 1.0786{ 1.0515| 1.0305
0.94 5.5686 2.1913 1.6575 1.4509( 1.2758| 1.1548 0.44 1.3551] 1.1600] 1.1032} 1.0761( 1.0499| 1.0296
0.93 4.9960 2.0905 1.6092 1.4201| 1.2583{ 1.1456 0.43 1.3420{ 1.1547| 1.0998] 1.0737| 1.0483} 1.0286
0.92 45531 2.0078 1.5688 1.3941| 1.2434{ 3.1376 0.42 1.3294] 1.1494| 1.0965f 1.0713]| 1.0468( 1.0277
0.91 4.1991 1.9380 1.6342 1.3717] 1.2304; 1.1307 0.41 1.3170] 1.1443| 1.0933} 1.0690( 1.0453| 1.0269
0.90 3.9087 1.8781 1.5041 1.3520| 1.2190] 1.1245 0.40 1.3051( 1.1393| 1.0802f 1.0667| 1.0438( 1.0260
0.89 3.6656 1.8259 1.4775 1.3345| 1.2087§ 1.1190 Q.39 1.2934) 1.1344| 1.0871] 1.0644| 1.0423| 1.0251%
0.88 3.4587 1.7797 1.4537 1.31881 1.1995| 1.1139 0.38 1.26821( 1.1296| 1.0841( 1.0622| 1.0409( 1.0243
0.87 3.2802 1.7385 1.4322 1.3045] 1.1910} 1.1093 0.37 1.2711] 1.1249| 1.0819] 1.0600| 1.0395| 1.0235
0.86 3.1244 1.7014 1.4127 1.2015] 1.1833{ 1.1051 0.36 1.2604[ 1.1204| 1.0782( 1.0579| 1.0381 1.0227
0.85 2.9870 1.6678 1.3949 1.2795] 1.1762] 1.1012 0.35 1.2500] 1.1159] 1.0754] 1.0558| 1.0368| 1.0219
0.84 2.8648 1.6370 1.3784 1.2685) 1.1695| 1.0975 0.34 1.2398] 1.1115] 1.0726] 1.0538] 1.0354] 1.0211
0.83 2.7553 1.6088 1.3632 1.2582] 1.1633| 1.0941 0.33 1.2299( 1.1072! 1.0698] 1.0518| 1.0341| 1.0203
0.82 2.6566 1.5827 1.3490 1.24861 1.1575| 1.0809 0.32 1.2202] 1.1029} 1.0671] 1.0498] 1.0328| 1.0195
0.81 2 5670 1.5585 1.3358 1.23981 1.1521| 1.0878 0.31 1.2108] 1.0988[ 1.0645] 1.0479] 1.0316! 1.0188
0.80 2.4853 1.5360 1.3234 1.2311] 1.1470] 1.0850 0.30 1.2016] 1.0947| 1.0619{ 1.0458] 1.0303( 1.0180C
0.79 2.4106 1.5160 13117 1.2231) 1.1421] 1.0823 0.29 1.1926] 1.0807| 1.0593] 1.0441} 1.0291| 1.0173
0.78 2.3416 1.4953 1.3008 1.2156| 1.1375( 1.0797 0.28 1.1838] 1.0868| 1.0568] 1.0422] 1.0279) 1.0186
077 2.2779 1.4767 1.2904 1.2084| 1.1331] 1.0772 0.27 1.1752] 1.0830[ 1.0543] 1.0404] 10267} 1.0159
0.76 2.2189 1.4592 1.2805 1.2016] 1.1289] 1.0748 0.26 1.1669| 1.0792| 1.0519] 1.0388| 1.0255] 1.0152
0.75 2.1640 1.4427 1.2712 1.1952{ 1.1250{ 1.0726 0.25 1.1587| 1.0755] 1.0495) 1.0368f 1.0244) 1.0145
0.74 2.1128 1.4270 1.2623 1.1890f 1.1212]| 1.0705 0.24 1.1507] 1.0719| 1.0472] 1.035%| 1.0232]| 1.0138
0.73 2.0649 1.4122 1.2538 1.1831] 1.1175| 1.0684 0.23 1.1429( 1.0683] 1.0449]| 1.0334| 1.0221| t 0132
Q.72 2.0200 1.3980 1.2456 1.1774] 1.1140| 1.0664 0.22 1.1352( 1.0648| 1.0426] 1.0317| 1.0210| t.0125
c.7 1.9778 1.3846 1.2379 1.1720] 1.1106] 1.0645 c21 1.1277] 1.0613{ 1.0403| 1.0301[ 1.0199]| 1.0119
0.70 1.8380 1.3717 1.2304 1.1668] 1.1074( 10627 0.20 11204 1.057991 1.0381] 1.0284| 1.0188] 1.0112
0.69 1.9005 1.3594 1.2233 1.1618] 1.1043[ 1.0809 0.19 1.4132| 1.0546{ 1.0360]| 1.0268| 1.0178] 1.0106
0.68 1.8650 13476 1.2164 1.1570] 1.91013| 1.0592 0.18 1.1061] 1.05139) 1.0338] 1.0252] 1.0167] 1.0100
0.67 1.8313 1.3363 1.2098 1.1623| 1.0984| 1.0575 0.17 1.0992] 1.0481] 1.0317) 1.0237| 1.0157] 1.0094
0.66 1.7994 1.3255 1.2034 1.1478]| 1.0955] 1.0559 0.18 1.0925] 1.0449) 1.0296] 1.0221] 1.0147] 1.0088
0.65 1.7690 1.3151 11973 1.1435] 1.0928] 1.0544 0.15 1.0858] 1.0418] 1.0276] 1.0206] 1.0137| 1.0082
0.64 1.7401 1.3051 1.1914 1.1393] 1.0902( 10529 0.14 1.0794] 1.0387| 1.0256] 1.0191} 1.0127| 1.0076
0.63 1.7125 1.2954 1.1856 1.1353§ 1.0876{ 1.0514 0.13 1.0730[ 1.03586] 1.0236] 1.0176] 1.0117| 1.0070
0.62 1.6862 1.2861 1.1801 1.1313] 1.0851| 1.C500 0.12 1.0667) 1.0327| 1.0216] 1.0162{ 1.0107] 1.0064
0.61 16611 1.2771 1.1747 1.1275] 1.0827| 1.0486 0.11 10606 1.0297| 1.0197| 1.0147( 1.0098| 1.0058
0.60 1.6370 1.2685 1.1695 1.1238] 1.0804| 1.0472 0.10 1.0546( 1.0268] 1.0178] 1.0133| 1.0088| 1.0063
0.59 1.6140 1.2601 1.1645 1.1202]_1.0781] 1.0459 0.09 10487] 1.0240{ 1.0159] 1.0419| 4.0079| 1.0047
0.58 1.5919 1.25189 1.1596 1.1167]| 1.0759| 1.0447 0.08 1.0429( 1.0211) 1.0140] 1.0105| 1.0070| 1.0042
0.57 1.5706 1.2441 1.1548 1.1133] 1.0737] 1.0434 0.07 1.0372| 10184] 1.0122] 1.0091] 1.0061] 1.0036
0.56 1.5503 1.2385 1.1502 1.1100| 1.0716] 1.0422 0.06 1.0318] 1.0156) 1.0104] 1.0078| 1.0052] 1.0031
0.55 1.5306 1.2291 1.1457 1.1068] 10696 10410 0.05 1.0261] 1.0129] 1.0086( 1.0084§ 1.0043]| 1.C026
0.54 1.5117 12219 1.1413 1.1037] 1.0676( 1.0399 0.04 1.0207] 1.0103{ 1.0068| 1.0051] 1.0034} 1.0020
0.53 1.4935 1.2148 1.1371 1.1006] 1.0656| 1.0387 0.03 1.0154] 1.0077) 1.0051[ 1.0038) 1.0025| 1.0045
0.52 1.4760 1,2082 1.1329 10976 1.0637] 1.0378 Q.02 1.0102] 1.0051] 1.0034] 1.0025[ 4.0017[ 1.0010
0.51 1.4591 1.2016 1.1289 1.0947] 1.0619| 10365 0.01 1.0050f 1.0025{ 1.0017{ 1.0013( 1.0008| 1.0005
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PERFORMANCE COMPARISON BETWEEN N CFSTRs CONNECTED IN SERIES AND A SINGLE PFR, BOTH WITH THE SAME
. RETENTION TIME (FIRST ORDER REACTION) - Eq. 2

PFR Conversion in N CFSTRs for N = PFR Conversion in N CFSTRs for N =
Conversion 1 2 4q 6 10 Conversion 1 2 4 6 10

0.00 0.00000| 0.00000| 0.00000| 0.006000( 0.00000 0.50 0.40938| 0.44851| 0.47230} 0.48105] 0.48838
0.01 0.00995{ 0.00998| 0.00999| 0.00999] 0.01000 0.51 0.41635| 0.45669( 0.48129( 0.49035] 0.49795
0.02 0.01980| 0.01990| 0.01995]| 0.01997| 0.01998 0.52 0.42329| 0.46485]| 0.49027| 0.49964] 0.50751
0.03 0.02956| 0.02978} 0.02989] 0.02993| 0.02996 0.53 0.43021] 0.47300| 0.49924| 0.50893] 0.51707
0.04 0.03922| 0.03961| 0.03980( 0.03987| 0.03992 0.54 0.43710| 0.48113| 0.50820] 0.51820)] 0.52662
0.05 0.04879] 0.04939] 0.04969( 0.04979] 0.04988 0.55 0.44398| 0.48925| 0.51715| 0.52747] 0.53617
0.06 0.05827| 0,05912| 0.05955| 0.05970( 0.05982 0.56 0.45085} 0.49736| 0.52609| 0.536741 0.54571
0.07 0.06766] 0.06880] 0.06939| 0.06960| 0.06976 0.57 0.45769[ 0.50545| 0.53502| 0.54600} 0.55525
0.08 0.07696] 0.07844] 0.07921| 0.07947| 0.07968 0.58 0.46452( 0.51353) 0.54395| 0.55525]| 0.56479
0.09 0.08618) 0.08804| 0.08900| 0.08933| 0.08960 0.59 0.47135| 0.52161{ 0.55287| 0.56450] 0.57432
0.10 0.09532} 0.09758] 0.09877} 0.09918] 0.09950 0.60 0.47816]| 0.52967| 0.56178| 0.57375] 0.58385
0.11 0.10437] 0.10709} 0.10852} 0.10901] 0.10940 0.61 0.48496| 0.53774| 0.57069| 0.58299] 0.59338
0.12 0.11334| 0.11654| 0.11824( 0.11882] 0.1192% 0.62 0.49176] 0.54579] 0.57960] 0.59223] 0.60291
0.13 0.12224) 0.12596| 0.12794| 0.12861) 0.12916 0.63 0.49856] 0.55385] 0.58851] 0.60147| 0.61244
0.14 0.13106] 0.13533| 0.13761| 0.13840| 0.13903 0.64 0.50535| 0.56190| 0.59742| 0.61071[ 0.62196
0.15 0.13980| 0.14466| 0.14726| 0.14816| 0.14889 0.65 0.51215] 0.56996( 0.60633| 0.61995| 0.63149
0.16 0.14847) 0.15394| 0.15689) 0.15791] 0.15874 0.66 0.51896| 0.57802} 0.61524| 0.62919] 0.64102
0.17 0.15706| 0.16319| 0.16650] 0.16764| 0.16858 0.67 0.52577| 0.58608| 0.62415] 0.63844 ] 0.65055
0.18 0.16559( 0.17239( 0.17608| 0.17736] 0.17840 0.68 0.53259{ 0.59416| 0.63307] 0.64769} 0.66009
0.19 0.17405( 0.18155] 0.18564{ 0.18707] 0.18822 0.69 0.53942} 0.60224| 0.64200| 0.65695| 0.66962
0.20 0.18243| 0.19067| 0.19518]| 0.19675] 0.19804 0.70 0.54627] 0.61034] 0.65094] 0.66621] 0.67917
0.21 0.15076] 0.19975] 0.20470] 0.20643] 0.20784 0.71 0.55315| 0.61846] 0.65989] 0.67548] 0.688714
0.22 0.19901} 0,20879| 0.21420| 0.21609| 0.21763 0.72 0.56005| 0.62660( 0.66885] 0.68476] 0.69827
0.23 0.20721} 0.21780| 0.22367| 0.22573] 0.22741 0.73 0.56697| 0.63476] 0.67783| 0.69406] 0.70783
0.24 0.21534| 0.22676| 0.23313| 0.23536] 0.23718 0.74 0.57394| 0.64295| 0.68683| 0.70337] 0.71741
0.25 0.22341 0.23569] 0.24256) 0.24497) 0.24695 0.75 0.58094 ] 0.65117} 0.69586| 0.71269] 0.72699
0.26 0.23142| 0.24458] 0.25197] 0.25457| 0.25670 0.76 0.58799[ 0.65943} 0.70490¢ 0.72204} 0.73659
0.27 0.23938}] 0.25344| 0.26136] 0.26415} 0.26645 0.77 0.58509} 0.66774] 0.71398] 0.73141] 0.74620
0.28 0.24727] 0.26226} 0.27073] 0.27372] 0.27619 0.78 0.60225{ 0.67609] 0.72309] 0.74080]| 0.75583
0.29 0.25512[ 0.271C04] 0.28008| 0.28328] 0.28592 0.79 0.6C947] 0.68450] 0.73224] 0.75022] 0.76548
0.30 0.26290] 0.27979] 0.28941] 0.29282] 0.29564 0.80 0.61678] 0.692597| 0.74144] 0.75968| 0.77515
0.31 0.27064] 0.28850] 0.29872] 0.30235] 0.30535 0.81 0.62416] 0.70151)] 0.75068] 0.76917| 0.78485
0.32 0.27832| 0.29718| 0.30801| 0.31187] 0.31505 0.82 0.63165] 0.71014| 0.75999) 0.77871| 0.79458
0.33 0.28596] 0.30583] 0.31728) 0.32137] 0.32475 0.83 0.63924{ 0.71886| 0.76935] 0.78830[ 0.80433
0.34 0.29354] 0.31445] 0.32654] 0.33086| 0.33443 0.84 0.64697 | 0.72768| 0.77879| 0.79794| 0.81413
0.35 0.30108} 0.32303)] 0.33577} 0.34033]| 0.34411 0.85 0.65483( 0.73663] 0.78832] 0.80765| 0.82397
0.36 0.30857) 0.33159} 0.34499| 0.34980] 0.35378 0.86 0.66286| 0.74571)] 0.79794| 0.81743[ 0.83386
0.37 0.31602| 0.34011} 0.35419] 0.35925] 0.36344 0.87 0.67108| 0.75495] 0.80768| 0.82730| 0.84381
0.38 0.32343| 0.34860] 0.36337] 0.36868} 0.37310 0.88 0.67951| 0.76438| 0.81754] 0.83726( 0.85382
0.39 0.33079] 0.35707] 0.37253] 0.37811| 0.38274 0.89 0.68821| 0.77403] 0,82756] 0.84734| 0.86391
0.40 0.33811] 0.36551) 0.38168] 0.38752) 0.39238 0.90 0.69721} 0.78393} 0.83776} 0.85756] 0.87410
0.41 0.34539| 0.37392] 0.39081 ] 0.39692} 0.40201 0.91 0.70657§ 0.79413] 0.84817] 0.86794] 0.88439
0.42 0.35264| 0.38230} 0.39992} 0.40631| 0.41164 0.92 0.71637 0.80471] 0.85884| 0.87852] 0.89481
0.43 0.35984| 0.39066| 0.40902] 0.41569] 0.42125 0.93 0.72672| 0.81574] 0.86982| 0.88933] 0.90539
0.44 0.36702] 0.39899} 0.41810] 0.42506]| 0.43086 0.94 0.73777] 0.82735] 0.88121] 0.90045] 0.91618
0.45 0,37415] 0.40730( 0.42717] 0.43441} 0.44046 0.95 0.74973] 0.83973)] 0.89312] 0.91196| 0.92722
0.46 0.38126] 0.41558] 0.43622] 0.44376] 0.45006 0.96 0.76297] 0.85314) 0.90573] 0.92400] 0.93862
0.47 0.38833) 0.42385| 0.44526) 0.45310] 0.45965 0.97 0.77810} 0.86808] 0.91937{ 0.93679] 0.95051
0.48 0.39538] 0.43209| 0.45429( 0.46242| 0.46923 0.98 0.796421 0.88556] 0.93467| 0.95080| 0.96318
0.49 0.40239} 0.44031| 0.46330) 0.47174]| 0.47881 0,99 0.821591 0.90832 0.95331] 0.96721| 0.97736
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ENCE 4323
220m> Examples of Reactors Connected in Series
Example 1. A first-order reaction takes place in a single CFSTR whose volume is 220 m® with a conversion of 99%. For the
same conversion, what total volume of a series of identical CFSTRs is needed if N =2, N =3, N =4 for the same
. 5 flow rate? Y AYad
dealcal St ((rk €)

~ Nractors i secies © Corw
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Example 2. Assume 80 % reactant removal is obtained in a single CFSTR. Add an identical reactor connected in series (o

. Q_\‘ ‘—-y ireat the same flow rate. If the reaction is first order, find the new total conversion, = rgc
in't“(.("&jc" Aot -0z » Lens AWy g *
wpeL 5=(t+ k?-.)'—)éz=‘{

Ewul $turan (i+kt) kf:‘( We idenl:cal reaties) %i;»-: o0.04 ., ‘X‘N-—Z:O. /4

(]

Exam ple 3.

Assume 80 % reactant removal is obtained in a single CFSTR. To improve the reactor performance the plant
X— operator divided this reactor into four identical CFSTRs connected in series. lfllzg reaction is first order, and the
. . M¢
C flow rate is the same, Fnd lhe new conversion. Vv @.__ Samre O
-C;:‘ =00 ¥ ke ZSee above) - kKt | ;‘ 1

(s
‘_qlz"_b/c Vo/ C“’?je !

c,q (/*kf)/ ’éig'((*l>Y 16 ; X =0.938

Example 4. Assume 80 % reactant removal is obtained in a single CFSTR. To increase the plani capacity the plant operator

_ divided this reactor into four identical CFSTRs connected in series. [fthe reaction is first order and the overall
EC}"- 2oL o k€ = plant removal is to be maintained at 80 %, find the new flow rate that can be handled by this system
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Drinking Water Standards

US Safe Drinking Watcr Act - Passed in 1974, amended in 1996
o Establishes maximum contaminant levels (MCL), which are enforccable.
o EPA establishes MCL goals wo? €77 Sorce < bfe
o Despite shortcomings, SDWA is the most advanced standard in the world,

The SDWA establishes two kinds of standards: primary and secondary "
- o_~The National Primary Drinking Water Regulations af&fvﬁ/an L/ﬂskﬁe"//f G ~Pisin Tec ﬁ-’f‘)

Fderl - Appl‘y\ to public water systems _ 4 - P ;,,f“f.,‘?z' /9’ "_’0/?4:?‘3'
{pws - Specity contaminants that may have adverse cffect on human healtb/f_“ l;‘p‘;‘;ifzﬂ et o
- Specify for cach contaminant a MCL or a treaiment technique (TT). — McrO draanisms
o The National Secondary Drinking Water Regulations: proposed & promulgated by the EPA.‘{(E‘{_MMC/&#
- Based on aesthetic (as opposed to health) considerations 3 T'u.-b~‘,/.¢)_ = . A
- Not federally enforceable ¥ ”'{c;/ : "'~'5£¢"’/‘7- ase TT
- Some states havce adopted thcm as enforceable. Conyaey of vate, 4

~  Suh a5 Too much lrom wbilt cawy slaia or Ascolor C/;#p;/ be?% fhz_‘/ e7en.
June 29, 1989: USEPA cnacted the Surface Water Treatment Rule (SWTR) which applies to public water
systems that use
o surface waler as a source
o groundwaler that might become contaminated by surface water

SWTR stipulates removal or inactivation of discasc-causing microorganisms.
o Removal: filtration
o Inactivation: disinfcction

SWTR emphasizes treatment techniques rather than MCLs for microorganisms (see handout “EPA
National Primary Prinking walcr Standards™).

Walerborne diseases

Drinking water in the US is the safest in the world. No cholera in the US; however, cholera is prevalent
in Central and South America.
Between 1971 and 1988: more than 500 outbreaks of waterborne discases in the US. 110 000 people
were infected,
Mos! frequently reported: acute gastrointestinal illness (AGI),
Protozoa of concern: Giardia lamblia and Cryplosporidium
o Giardiasis: severe intestinal ailment that causes severe dehydration, weight loss, and fatigue,
o Giardiasis is assoctatcd with unfiltered surface water that has not been disinfected sufficiently
to kill protozoan cysts,
o Cryptosporidium has recently been linked to human illoess. Little information on treatment
needed 1o kill it.

Bacteria and viruses of concern:
o Coliform bacteria
o Lepionella: Legionnaire’s disease and Pontiac fever
o Heterotrophic plate count (HPC) bacteria
o Waterbome viruses

Giardia cysts and viruscs arc among the most rcsistant waterborne pathogens. Abscnce of coliforms does
not indicate abscnee of Giardia, viruses, and Legionella.






SWTR Requirements

o FACT: Properly designed and operated filtration and disinfection systems
o Can routinely achieve 99.9% reduction of viable Giardia cysts and 99.99% reduction in viruses.
o Have never bcen implicated in waterborne Giardiasis or illnesses caused by viruses.

e SWTR requircsthat trcatment of surface water or groundwater under the direct influence of surface water
must remove:
o 99.9% (3-log removal) of Giardia: fraction rcmaining = 107
o 99.99% (4-log rcmoval) of viruses:  Fraction remaining = 10

e SWTR: disinfection must be included in treatment of all surface water
Disinfeetants/Disinfection By-products Rule (D/DBP Rule)

Published in Federal Register, 12/16/98
Usc of best available technology to remove trihalomethanes: chloroform, bromodichloromethane,
dibromochloromcthane, bromoformm (MCL = 0.080 mg/L); haloacctic acids: trichloroacetic acid,
dichloroacetic acid, monochloroacetic acid, dibromoacetic acid, monobromoacetic acid (MCL = 0.060
mg/L); bromate ion (MCL = 0.010 mg/L); and chlorite ion (MCL = 1.0 mg/L).
e Enhanced Coagulation Requircments
o Requircd % rcmovals of TOC by enhanced coagulation to limit formation of DBPs,

Source water Sourcc water alkalinity, mg/L as CaCO;

TOC, mg/L 0-60 >60-120 >120
>2-4 35 25 15
>4 - 8 45 35 25
>8 50 40 30

Enhanced Surface Water Treatment Rule (Federal register, Vol. 63, No. 241, 12/16/98)

Minimum rcmoval of Cryptosporidium is 2 log.
Turbidity < 0.3 ntu in at least 95% of monthly measurements, and must never exceed 1.0 ntu.
Systems with filtration that meet turbidity requirements are granted 2 log reduction credit of
Cryptosporidium.

o All filtration systems serving over 10,000 people must monitor turbidity continuously and report
violations to state on monthly basis.
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Solve the following problems: (@

1.

A conventional activated sindge plant must treat a primary effluent flow rate of
4000 m'/d, with a soluble BODs of 200 mg/1. The organic loading in the aerator is

0.3 kg BODs/(d.kg VSS), and the ratio V/Q is 6 hours. Find the concentration of
volatile suspended solids in the aerator.

A wastewater treatment plant is planning to provide for separate anaerobic shidge
digestion for its primary shidge. The plant receives an influent wastesvater with the
following characteristics: Average flow = 8000 1n’/d. Amount of suspended solids
removed in the primary sedimentation = 200 mg/L. Volatile matter in the settled
solids = 75% by mass. Water in untreated sludge = 96% by mass. Specific gravity of
mineral solids = 2.6. Specific gravity of organic solids = 1.3. Find the required
digester volume using an SRT of 12 d.

A wastewater treatment plant is planning to provide for anaerobic sludge digestion
for a mixture of primary sludge and waste activated sludge. The raw sludge
characteristics are the following: Primary sludge: Specific gravity = 1.003; Solids
concentration = 3.4 % by mass; Design flow = 420 m'/d. Waste activated studge:
Specific gravity = 1.005; Solids concentration = 5.66 % by mass; Design flow = 250
m'/d. The mixture of raw primary and waste sludge has specific gravity = 1.004,
and it is sent to a thickener to increase the solids concentration to 7% by mass.
Calculate the percent reduction in sludge mass.

Determine the liquid voluine of sludge before and after digestion and the percent
reduction for 500 kg (dry basis) of primary sludge with the following
characteristics:

Primary | Digested

Solids % 5 10
Volatile matter, % 60 60 (destroyed)
Specific gravity of fixed solids 2.5 2.5

Specific gravity of volatile solids =1.0 1.0
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ENCE 4323 —fall 2010
Group 7
Donald Jerolleman
Theyan Nguyen
Joseph Ory
Roderick Olds

TASK 4 — High Rate Tube Settler Sedimentation Basins






A0S

3
» Choose two parallel sedimentation tanks {Q for each = OJ/?{;;—

» Manufacturer; Brentwood (http://www.brentwood-ind.com/water/tubesettlersystems.html)

» Model Number: IFR-6030

> Overflow Rate (O.R.): 6.11,~
> Vertical Height: 0.762 m
» Length: 0.889 m
» B=60"
> Plan View Area per tube (A,): 0.003629 m?
» Recommendation: Vy, < 0.015?
S 2263 "
__Q _ 9775 - A
> A — ﬁ — 5 llﬂx h - 456-6 n{!r; . .0 e

T hT3eaas :

» ActualArea=12x39=468m%un
2 line - W P QA = 0.775/468 = 5,96 m/hr > table 10.6 OKAY

0775 2700
PV, =— = ‘
Axsinf 468X sin 60 - -~
TS ',',’:\,f iy b'h(“"\tj {,'“l - 0"! L \\."(-.f*

» Hydraulic Radius of Tube Settler

Ay _ 0003629

> R= P = e = 00151m
> R =Tt =R ERE = 1901 <50 - OKAY
5¢ .
2 o 2
P Fo=—t= 00— 00000247 > 0.00001 - OKAY

gxR ~ 9.81x0.0151
# Detention Time

0.889

NS - {
»~ t=—=
Vi 3:001912-

= 464965 = 7.75 min > Table 10.6 OKAY

» Total Tank Length

FoL .
;o L A

=3 _ e,
» L= 075 =5Zm
» Depth of Water
.7.‘ EV“'J .(l ,'\L;
> od=—2 =275 _4q1m

T wxvy | 12X0.015

= 0.001912§ = 0.444-13;’% - Table 10.6 OXAY






» Total Weir Length

¥ Assume 6 launders = 10 weirs x{39 m/weir) =390 m

0.775x3600->

2z
> Weir Loading =—3ﬁ-——M = 7'15% > Table 10.6 OKAY

¥ Check Tank Reynolds Number under tube settler

% — _ lexad
z T (2X12)+(2%4.31) 1.585

_ 0.001912X15855 _ .
» R, = T Sl 2000 < 20000 -~ OKAY






TYPICAL

g AVAILABLE
1UBE VERTICAL TUBE DESIGN
SETTLER HEIGHT LENGTH™* APPLICA [ION R
RATE
'__M—z;”*k | 20.00° 23.06" 1.50 gpm/ft2 10.3 fr2/ft2
(508 mm) (586 mm) (3.66 m/hr}) {10.3 m2/m2)
L - 24,00" 27.71* 2.00 gpm/fa™=~ 12.3 ft2/f2
JER-BOZA5 (610 mm) (704 mm) (4.89 m/hr) (12.3 m2/m2)
30.00" 34.64" 2.50 gpm/ft2 15.4 fra/fr2
- X
AEEZ R0 (762 mm) (880 mm) (6.11 m/hr) (15.4 m2/m2)
T 36.00" 41,57 3.00 gpm/fr2 18.5 ft2/ft2
AR (914 mm) (1056 mm) (7.33 m/hr) (18.5 m2/m2)
RN 41.00" 47.34" 3.50 gpm/fi2 21.0 fe2/ft2
SRRl (1041 mm) (1202 mm) (8.56 m/hr) (21.0 m2/m2)

= Brentwaad Tube Settlers
== Tube length is based an an angle of 60°
=~*= Same states ara limited by the 10 States Standards
application rate of 2.0 gpm/ft2 (4.89 m/hr)
==“* Tube setting area per plan araa

Tube Settler Systems For Clariftcation

Tube settiers and parallel plates increase the settling capacity of circular clarifiers andfor
rectangufar sedimentation basins by redudng the vertical distance a floc particle must settle before
agglomerating to form larger particles,

[nlets Bafle Clarified Effluent

NTrongh







Tube Scltlers vs. Canventional Settling
__ IS

Camparitive
I!.r]!”—af

Rise

Rate

WWithou! Tube Settlers \\ With [ube Settlers

Paiticle Sett!ing Velocity

Iy

Why Tube Settlers?

Tube settlers offer an inexpensive method of
upgrading existing water treatment plant darifiers and
sedimentation basins to improve performance. They
can also reduce the tarkage/footprnt required in new
installations or improve the performance of existing
settling basins by reducing the solids loading on
downstream filters.

Made of lightweight PVC, tube settlers can be easily
supported with minimal structures that often
incorporate the effluent trough supports. They are
available in a vanety of module sizes and tube
lengths to fit any tank geometry, with custom design
and engineering offered by the manufacturer.

Tube settlers use multiple tubular
channels sloped at an angle of 60° and
adjacent to each other, which combine to
form an increased effective settling area.
This provides for a particle settling depth
that is significantly less than the settling
depth of a conventional clarifier, reducing
satting imes.

Tube settlers capture the settleable fine
floc that escapes the clarification zone
beneath the tube settlers and allows the
larger floc to travel to the tank bottom in
a more settleable form. The tube settler’s
channel collects solids into a compact
mass which promotes the solids to slide
down the tube channel,
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1. Arapid sand filter has a sand bed 76. Zcm)deep, with an initial porosity = 0.41. Pertinent

2004

e
A

data are:
Sieve size | % Weight | Particle size | Settling Velocity
Retained (m) m/s
14-20 0.44 0.0010060 0.15252
20-28 14.33 0.0007111 0.10671
28-32 4322 0.0005422 0.07747
32-35 27.02 0.0004572 0.06206
35-42 9.76 0.0003834 0.04854
42-48 422 0.0003225 0.03752
48-60 0.54 0.0002707 0.02847
60-65 0.29 0.0002274 0.02134
65-100 0.13 0.0001777 0.01391

Find the depth of the expanded bed if the backwash rate is 10.3 L/s.m2

The head losses in a clean dual-media filter operating under declining rate conditions are
the following:

78V

3000 V? X

In all these expressions V is the filtration rate in m*/s per m”. The maximum available head
for filtration is 3.0 m. An orifice plate is placed in the influent pipe to limit the maxirnum
filiration rate. The dirty-filter laminar loss at the minimum filtration rate is 2.0 m. What
is the orifice loss at the maximum filtration rate? 7A2 ns /'n £/ fralion mli /s 2.7x15 M/,;

- Laminar, clean filter: hg,
- Turbulent losses: ht

The initial bed depth in a rapid sand filter is 1.0 m and the initial sand porosity is 0.43.
The elevation of the edge of the wash water troughs, through which the washwater
overflows into the trough, is 0.35 m above the sand surface. If all particles had a uniform
size and the backwash rate is 0.35 cm/s, find the particle size of the largest particle that
will be washed off into the troughs during filter backwash. Assume a water kinematic
viscosity of 1.3101 x 10°® m%/5, and a sand specific gravity of 2.5. hz 4.€
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PART B
Solve the following two problems:
@ A rapid sand filter has a sand bed 76.2 cm in depth. Pertinent data are: =0.4/
Sieve size | % Weight | Particle size | Settling Velocity b p/-f)
Retained (m) m/s
14-20 0.44"“¥ 0.0010060 0.15252 0.35152 0.00981
20-28 14.33 0.0007111 0.10671 0.59660 0.35523
28-32 43.22 0.0005422 0.07747 0.64016 1.20108
32-35 27.02 0.0004572 0.06206 0.67216 0.82418
35-42 9.76 0.0003834 0.04854 0.70949 0.33596
42-48 4.22 0.0003225 0.03752 0.75086 0.16938
48-60 0.54 0.0002707 0.02847 0.79786 0.02671
60-65 0.29 0.0002274 0.02134 0.85014 0.01935
65-100 0.13 0.0001777 0.01391 0.93404 0.01971
X 296141

Find the depth of the expanded bed if the backwash rate is 10.2 L/s.m”>. Pertinent equations

are: //—4——-*.
~
f 3
l "U_,-.- /o, 2 t/;s " ._.—-/m ,I}-= 0.0/82 M/‘
f [V e 'ﬂ" /000? L e S A
S\ | -
(. - PR
Vi W

j 187 0.762#("0'40)! 21 96 ‘;{

/
; | -
1 .
zle: J.33 rm
i
.

where L is the thickness of unexpanded filter media during filtration, L. is the thickness of
expanded filter media during backwashing, f is the porosity of the unexpanded filter media
during normal filter operation, p, is the fraction of particles of a stated size in layer i, f} is the
porosity of each expanded layer 7 during backwashing, v is the backwash rate, v, is the settling
velocity of single particles, n is the exponent in Richardson and Zaki equation (n = 4.5).

—
ot

I
Cb\ -

@ The rate of flow through an ideal clarifier is 2.0 MGD, the detention time is 1 h, and its depth
is 10 ft. If a full-length movable tray is set at a depth greater than 7 feet below the water
surface, determine the percentage of discrete particles with a settling velocity v, = 3 fi/h that
are removed. Plot removal efficiency vs. depth.

2
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% Weight
Retalned
0.44
14.33
43.22
27.02
9.76
4.22
0.54
0.29
0.13

d (m)

0.0010060
0.0007111
0.0005422
0.0004572
0.0003834
0.0003225
0.0002707
0.0002274
0.0001777

Re

87.83783
43.44028
24.04549
18.24358
10.65441
6.92707
4.41197
277741
1.41494

Cd

0.93333
1.34765
1.94990
2.56186
3.51188
4,94452
7.20800
10.78126
19.82393

Settling Velocity
Assumed Computed

m/s
0.15252
0.10671
0.07747
0.06206
0.04854
0.03752
0.02847
0.02134
0.01391

m/s
0.15252
0.10671
0.07747
0.08206
0.04854
0.03752
0.02847
0.02134
0.01391

Wl
A

<./
"/

0.54821
0.59350
0.63728
0.66947
0.70704
0.74869
0.79604
0.84874
0.93340

¥ =

Le

.“/A-”-'

Sow

N
9 '-.\:)'s ]

x/(1-fe)

0.00974
0.35262
1.19155
0.81747
0.33315
0.16792
0.02648
0.01917
0.01952
2,93750

1.32099
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He targeot pocdice Hat witl ke rovaored form o
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Vo= 3o/ x5 TS, sP=2.8

Elemli;m of froughs= 7.35m
Inl‘ﬁu beod M: /.0

L, Ral doad /\DrOSr‘C; = &, 43

< / L(1-£)

- o V 10
&% I ;) e s /-LC2 fi—p.43)
K ' /-35
ool J4 fe: 0,578
. . n 0.385
IQCCAQM.SO"'! 4 &é‘ J = Z}"S é-; J JS"- J t).s = 4,/24 2_"
0'5784'15 =
C r,
/ P

[ = -2 .
d’P = £.0003 m 5 A.P_g x10 em .
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ENCE 4323
COMPLETE-MIX ACTIVATED SLUDGE WITH SLUDGE RECYCLE
SUMMARY OF EQUATIONS
Enarique J. La Motta, Ph.D., P.E.

Influent Streanm:

QX
——p Settding Tank
Acralion Tank
Effluent Stream:
Q=Q-Q.
xf
N Q+Qx
» X
v, X
Sludge recycle: Qp Xy l Sludge wasting: Q. Xy
® Mass balance on suspended solids in the aerator, steady state conditions:
Vor, +0X, =(0+0p )X — 0 X, (D
In the diagram and in Eq. 1:
Q = influent flow rate, m*/d
Qr = recycle flow rate, m’/d
Qu = waste sludge flow rate, m’/d
Ig = rate of growth of suspended solids, kg SS/kg MLSS.d
vV, - reactor (aerator) volume, m*
Vs = settting tank volume, m’
X = MLSS concentration in the aerator, kg/m*
Xi = SS concentralion in the influent to the acrator, kg/m’
Xe = SS concentralion in the final effluent, kg/m®
Xp = SS concentration in the recycle line, kg/m’
X = SS concentration in the waste stream, kg/rn3
. Equilibrium of solids in the system: Mass produced - Mass removed = Accumulation.

For a system with no accumulation of solids:






Vr,+0X, =0 X, +(0-0,)X, (2)

Equating (1) and (2) and solving for X:

X — XR(QR + Qn')+ Xt‘(Q— Qu) (3)
Q+Q,

° Dividing through by Q:

X (a+w)t X, (1-w)
- 1+a )

X

where a=Qxr/0, is the recycle ratio
w = .,/0, is the wastage ratio

o Definition of solids retention time:

7o Mass of solids in the system (aerator +settling tank)
¢ Rate of solids withdrawal from the system

Assuming that, under equilibrium conditions, the average concentration of solids in the settling
tank is the same as the concentration in the aerator:

4
XV[1+—-‘]
_ ’ v
! =

‘ QK‘XR + (Q - Qw)Xc ®

Combining (5) and (2):

X1+V~"
7= '

(6)
+r,

~Ii 3

The combination of (5) and (2) can also be written as:

VX |4
QX +rV, = ’1_ [l+—‘—J

14

[4 r

(7)






Equating (1) and (7):

X7[1+£l
_ V
l.= - (8)

T X —a(X - X)

Solving for o
X[l - ’:[1 +5H
AWz
= 9)

e Relationship between substrate uptake rate and biomass growth rate:

1{r
Y\ X
where U = substrate uptake rate, (kg substrate/d)/kg biomass
Y = yield coefficient, kg biomass/kg substrate
Ig = rate of biomass growth, (kg biomass/mj)/d
k. = endogenous respiration coefficient, 1/d

From mass balance on substrate,

U= S5i=3 —VS (10a)
X r
Q
Equating (10) to (10a) get:
Vr,=0Y(S,-S)-k XV (11)

Replacing (11) in (7) and solving for the hydraulic retention time finally get the following design
equation:

L[ X, +Y(5,-$)] 12
X[1+£+kjc]
14

r

1=







ENCE 4323

(Taken From “Wastewater Treatment Plants, Planning, Design, and Operation,” Second edition
by Syed Qasim, Technomic Publishing Company)

TABLE 13-3 Description and Design Parameters of Various Activated Sludge Process Modifications

Studge Food to

Process Retendon MO Aergtor Aerntion Recircula-
Modifi- Flow Time, 6, Ratio”® Loading® MLSS* Period tion Ratlo
calion Brief Description Regime (d) @) (kg/m>d) (mg/L) (h) Q,/0
Conven- The influent and rewrned sludge  Plug 5-15 0.2-0.9 0.3-0.6 1500-3000 4-8 0.25-0.5
rional enter the tank at the head end

of the basin and arc mixed by
the aeration system [Figure

13-5(a)).
Tapercd The tapered acration sysiem is Plug 5-15 0.2-0.4 0.3-0.6 1500-3000 4-8 0.25~0.5
aeration similar to the conventional

activated sludge process. The
major difference is in arrange-
ment of the diffusers. The dif-
fusers are close togelher at (he
influent end where more oxygen
is needed. The spacing of dif-
fusers is increased toward the
other end of the acration basin,

Step-feed The influent is applicd at Plug 5-15 0.2-04 0.6-1.0 2000-~3500 3-5 0.25-0.75
acration scveral points in the acration

basin. Generally, the nk is

subdivided into three or more

parallel channels with around-

the-end bathes, and the influent

is applied at separaic channels

or sieps. The oxygen demand is

uvniformly distributed {Figure

13-5(b)1.

TABLE 13-3 Description and Design Paramelers of Various Activated Sludge Process Modifications—cont'd

Sludge Food to

Process Retention MO Aerator Aeration Recircula-
Modifi- Flow Time, 6, Ratlo®  Loading® MLSS® Period tion Ralio
cation Brief Description Regime (d) @ah (kg/m>d) {mg/L) (h) Q.70
High-purity Oxygen is diffused into covered  Complete §-20 025-1.0 1.6-33 6000 -8000 2-5 0.25-0.5
oxygen aeration tanks, A portion of gas  mix

is wasted from the tank o
reduce the cancentration of
CO,. The process is suitable for
high-strength wastes where
space may be limited. Special
ecnipment for generation of
oxygen is needed [Figure 13-
53)).

*Food-ta-microorganism ratia (F/8) is kg BOD, applicd per day per kg of MLVSS in the aeration basin.
“Acrator loading is kg of BOD, applied per day per cubic meter of aeration capacity.

‘Gemerally, the ruio of MLVSS to MLSS 15 0.75-0.85.

3\falues for nitnfication tank are based on influemt BOD, = SO ing/L.

*MLSS varies during fill-and-draw cycles,

"Contact tank,

€Reaeration or stabilization tank.

Swuerce: Adapred in part from Refs. 4-12






TABLE 13-3 Description and Design Parameters of Various Aclivated Sludge Process Modifications—cont'd

Sludge Food to

Retention MO Aerator Aeratlon Recircula-
:{l:cdie;s Flow Time, 8,  Ratio® Loading® MLSsS* Period tion Ratio
cation Brief Description Regime () () {kg/m*d) (mg/L) () .0
Complele- The influent 2nd the returned Complete 5-15 0.2-0.6 0.8-2.0 3000 - 6000 3-5 0.25-1.00

mix acration  sludge are mixed and applied at  mix
several points along the length
and widih of the basin, The
contents are mixed, nnd the
MLSS flows across the tank (o
the effluznt chanocl. The
oxvgen demand and organic
loading are uriform along the
entire length of the basin
|Figure 13-a(c)).

Modified This process is used as an inter-  Plug 0.2--0.5 1.5-5.0 1.2-24 200~ 1000 1.5-3 0.05-0.25
meralion medizte treatment to reduce tha

arganic loading in subsequent

process. It is similar to conven-

ticnal treatment, Shorter aera-

tion period, low MLSS and

high F/M ratio are utilized.

High-rate The process is similar 10 a Plug i-10 04-1.5 2.0-15 3000-6000
aeration conventional trearment process.

High MLSS concentration and

high volumerric loading are

applicd. This way low mican

ccll residence time and a high

F/M ratio are achicved. Acra-

tivn period is relaively short.

Acration and mixing is achieved

by mechanical mixers,

¥
i
I8

0.5-2.0

Extended The exiended aermiion process Complete 20-30 0.05- 0.1-04 3000 - 6000 18-36 0.5-2.0
acralion utilizes a large aeration basin mix ur plug Q.15
(oxnidarion where high population of MO is
dirch) maintained. It is used for smatl

Mows from subdivisions,

schuuls, cte. Prefabricaied

package plants utilize this

process catensively. Oxidation

dirch is o variation of extended

aeration process. I bas a

channel in shape of a race

Irack. Rolors are used 1o supply

oxygen and naintain circulation

[Figure 13-5(d)).

Single-stage Carbon oxidation and nitriKeca- Plug 10-20 005-0.2 0.08-03 1500-3500 6-15 0.5-1.5
nitrification tion are carricd owl into one

#eration basin. High mean cell

residence time and low F/M

ratio are utilized, Aeration

period is relotively high,







TABLE 13-3 Description and Design Parameters of Vanous Activated Sludge Process Modifications—cont'd

Process
Modlfi-
cation

Brief Description

Flow
Regime

Sludge Food to
Retention MO Aerator Aeration
Time, 6, Ratio®  Loading® MLSS* Period
(d) @™ (kgim'd) (mg/L) (h)

Recircula-
tion Ratio

0./0

Separate-stage
nirfication

Deep shatt

Seguencing
baiwch reactor

Contact
stabilization

Kraus process

Two-stage aeration is applied.  Plug

I the first stage BOD is
reduced. The reactor is similar
10 high-ratc acration. In the
second reactor nitrification is
achieved. The process may
commonly be an add-on to an
existing activated sludge plant
to enhance nirification [Figure
13-3(e)).

It is an aerobic biological sub-  Plug

surface wastewaler (reatment
process. A vertical shaft about
100-150 m (330-500 (1) deep
is drilied and lined with sieel
shell. A conceniric downcomer
brings MLSS, which is aerated
and passes into the riser section.
The shaft replaces the primary
clarifier and aeration basia, The
solids/liquid separation is
achiceved in a flotation tank
[Figure 13-5(f)].

This is a fill-and-draw-type
reactor that acts as aeration
basin and final clanfier. MLSS
remains in the reactor. Primary
clarification is gencrally not
needed, Some nitrogen and
phosphorus removal is also
achieved [Figure 13-5(g)l.

The activated sludge is mixed
with influent in the contact tank
in which the organics are ab-
sorbed by MO. The MLSS is
seltled in the claritier. The re-
umned sludge is aerated in the
reacration basin to stabilize the
organics. The process requires
approximately 50 percent less
tank volume [Figure 13-5(h)].

This is a variation of step acra-
tion process. Used commwniy
for industrial wastes low in
nmitrogen. In a separate acration
basin the digester supernatant is
mixed with the return sludge to
provide needed nutrients. This
retumed sludge is added into
the aeration basin at desired
locations.

Complete-
mix

Plug

Plug

0.5-1.5 1.2-24 2000-3000 1-3

2-3
8-15)¢ (0.1-0.3)¢  (0.3-0.8)" (2000-4000) (2-9)

(

2-5 0.5-1.2 0.5-1.5 4000-7000 0.5-2

Not appli- 0.05- 0.20-0.70  1500-5000 43-9
cable 0.30

5-15 0.2-0.6 1.0-1.2 1000-4000"  0.5-1.0°
4000-10000F  3.0-6.0%

5-15 0.3-1.0 0.5-1.5 2000-3000 4-8

0.2-0.5
(0.2-0.5)

0.2-05

Not applicable

0.5-1.0

0.5-1.0
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Influent [ Pcimary Acration Secondary Nitrification itrification Efflucn
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Figure 13-5 Modifications of Activated Sludge Process (from Refs. 4—~12): (a) conven-
tional, (b) step aeration, (c) complete mix, (d) oxidation ditch, (e) carbon oxidation and ni-

trification in separate stage.
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Figure 13-5—cont'd (g) operational stages of sequencing batch reactor, (h) contact sta-
bilization, and (i) multistage pure oxygen system.








