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PREFACE

This Solutions Manual for the Fifth Edition of Wastewater Engineering is
designed to make the text more useful for both undergraduate and graduate
teaching. Each problem has been worked out in detail, and where necessary
additional material in the form of Instructors Notes is provided (as shown in
boxes). The additional material is furnished either for further guidance to the
instructor for grading homework problems or to make corrections to the Problem
Statement as written in the First Printing of the text. Where corrections to the
Problem Statement are made, these corrections have been incorporated into the
Second Printing of the text.

For many of the problems in the text, alternative parameters are provided and the
values are noted “to be selected by instructor”. The alternative parameters are
provided to extend the usefulness of the problems in future assignments. In
most cases, a solution has been worked in detail for only one set of values.
When alternative values are assigned by the instructor for which an answer has
not been provided, the same computational procedure applies as used in the
worked solution.

Because of the magnitude of the fifth edition, a number of persons contributed to
the preparation of this soutions manual; their assistance is acknowledrd gratfully.
The contributors are listed alphabetically on the title page. Although this manual
has been reviewed carefully, the authors will be appreciative if any errors that
have been found are brought to our attention. Other comments that will be
helpful in improving the usability of the problems or the manual will also be
appreciated.

George Tchobanoglous
H. David Stensel
Ryujiro Tsuchihashi

July, 2014




1

INTRODUCTION TO
WASTEWATER TREATMENT

PROBLEM 1-1

Instructors Note: The first six problems are designed to illustrate the

application of the mass balance principle using examples from hydraulics with

which the students should be familiar.

Problem Statement - See text, page 53

Solution

1.

Write a materials balance on the water in the tank
Accumulation = inflow — outflow + generation

dv  dh

E_EA:Qin_Qout +0

Substitute given values for variable items and solve for h

%A:O.Z m3/s—0.2[1—cos mt ]m3/s
dt 43,200
A =1000 m2

it

dh = 2x10‘4(cos ) dt
| **®23.200)

Integrating the above expression yields:

- _{(43,200)(2x104)][sin nt )
0 m 43,200

Determine h as a function of time for a 24 hour cycle
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Chapter 1 Introduction to Wastewater Treatment and Process Analysis

t, hr t, s h, m t, hr t, s h, m
0 0 5.00 14 50,400 3.62
2 7200 6.38 16 57,600 2.62
4 14,400 7.38 18 64,800 2.25
6 21,600 7.75 20 72,000 2.62
8 28,800 7.38 22 79,200 3.62
10 36,000 6.38 24 84,400 5.00
12 43,200 5.00

5. Plot the water depth versus time

Water depth, h, m
N

0 4 8 12 16 20 24
Time, t, hr

PROBLEM 1-2

Instructors Note: The first six problems are designed to illustrate the
application of the mass balance principle using examples from hydraulics with

which the students should be familiar.

Problem Statement - See text, page 53

Solution

1. Write a materials balance on the water in the tank
Accumulation = inflow — outflow + generation

dv _ dh

E_EA:Qin_Qout +0

2. Substitute given values for variable items and solve for h

1-2




dh
dt
dh
dt

A = 1600 m2

A=0.13m3/s+ 0.2(005
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A=0.33m3/s—0.2(1—cos mt jmg’/s

43,200

M ms
43,200

%Eaem»:013nﬁ/s+02@ms m jnﬁ/s

43,200

Integrating the above expression yields:

h —

(o]

3
X :(a13n1/5n+(a2x432mn(gn nt jn@/s
1600

11600 43,200

Determine h as a function of time for a 24 hour cycle

t, hr t, s h, m t, hr t, s h, m
0 0 5.00 14 50,400 8.24
2 7200 6.44 16 57,600 8.19
4 14,400 7.66 18 64,800 8.55
6 21,600 8.47 20 72,000 9.36
8 28,800 8.83 22 79,200 10.58
10 36,000 8.78 24 84,400 12.02
12 43,200 8.51

Plot the water depth versus time

14

—
<

Water depth, h, m
on

—
(28]

12 16 20 2¢
Time, t, hr
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Chapter 1 Introduction to Wastewater Treatment and Process Analysis

PROBLEM 1-3

Instructors Note: The first six problems are designed to illustrate the
application of the mass balance principle using examples from hydraulics with

which the students should be familiar.

Problem Statement - See text, page 53
Solution
1. Write a materials balance on the water in the tank

Accumulation = inflow — outflow + generation

av dh

dt dt = an QOUt

2. Substitute given values for variable items and solve for h

@A 0.3 1+cos
dt \

Jm /s —0.3m3/s

A = 1000 m2

dh=3x10"* LCOS o) 200} dt

3. Integrating the above expression yields:

o {(43,200) (3 x 104)}(Sin t ]
0 . 43,200

1. Determine h as a function of time for a 24 hour cycle

t, hr t, s h, m t, hr t, s h, m
0 0 5.00 14 50,400 2.94
2 7200 7.06 16 57,600 1.43
4 14,400 8.57 18 64,800 0.87
6 21,600 9.13 20 72,000 1.43
8 28,800 8.57 22 79,200 2.94
10 36,000 7.06 24 84,400 5.00
12 43,200 5.00
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Chapter 1 Introduction to Wastewater Treatment and Process Analysis

5. Plot the water depth versus time

Water depth, h, m

_________ N4

0 4 8 12 16 20 2
Time, t, hr

PROBLEM 1-4

Instructors Note: The first six problems are designed to illustrate the
application of the mass balance principle using examples from hydraulics with

which the students should be familiar.

Problem Statement - See text, page 53

Solution

1. Write a materials balance on the water in the tank
Accumulation = inflow — outflow + generation

av dh

dt dt = an QOUt

2. Substitute given values for variable items and solve for h

%A 0.35 1 +Cos
dt 3200

Jm 3/5-0.35m3/s

A = 2000 m2

dh=1.75x 10'4(003 d
L 43,200J

3. Integrating the above expression yields:
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(035 m?is)(43200) | 4
Sin
72000 m?2 L 43,200J

h-h =

(o]

4. Determine h as a function of time for a 24 hour cycle

t, hr t, s h, m t, hr t, s h, m
0 0 2.00 14 50,400 0.80
2 7200 3.20 16 57,600 -0.08
4 14,400 4.08 18 64,800 -0.41
6 21,600 4.41 20 72,000 -0.08
8 28,800 4.08 22 79,200 0.80
10 36,000 3.20 24 84,400 2.00
12 43,200 2.00

5. Plot the water depth versus time

Water depth, h, m

Time, t, hr

PROBLEM 1-5

Instructors Note: The first six problems are designed to illustrate the
application of the mass balance principle using examples from hydraulics with
which the students should be familiar.

Problem Statement - See text, page 53
Solution
1. Write a materials balance on the water in the tank
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Chapter 1 Introduction to Wastewater Treatment and Process Analysis

Accumulation = inflow — outflow + generation

dv dh
at EA:Qin_Qout +0
2. Substitute given values for variable items and solve for h

%EAzosnﬁ/mm—Kzinﬁ/mmxnmn

Integrating the above expression yields

== dt

J’h dh 1
005-21h A

1(, 05-21h) t

2.1L 0.5 J A
Solving for h yields

1 _2.1t/A
h=—(0.5)1-
2.1( )d-e )

h= 0.24(l—e_2'1t/A)
Area = (n/4) (4.2)2 = 13.85 m?

3. Determine the steady-state value of h

AsSt— o
h—>024m

PROBLEM 1-6

Instructors Note: The first six problems are designed to illustrate the
application of the mass balance principle using examples from hydraulics with
which the students should be familiar.

Problem Statement - See text, page 53
Solution
1. Write a materials balance on the water in the tank

Accumulation = inflow — outflow + generation
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dv dh
at EA:Qin_Qout +0
Substitute given values for variable items and solve for h

((jj—?A =0.75 m3 /min — [(2.7 m? / min) x h(m)]

Integrating the above expression yields

h
| __dh Ly
0075-27h A

1(,,075-27h) _t

“27L 075 ) A
Solving for h yields

1 _2.7tIA
h=—(0.75)1-e ~
2.7( )( )

h= 0-28(1—6_2'7 t/A)
Area = (n/4) (4.2)? = 13.85 m?

Determine the steady-state value of h

ASt— o
h—>0.28m

PROBLEM 1-7
Problem Statement - See text, page 53

Solution: Graphical Approach

1.

Determine the reaction order and the reaction rate constant using the
integration method. Develop the data needed to plot the experimental data
functionally for reactant 1, assuming the reaction is either first or second
order.

Time, min C, mg/L -In (C/Cy) 1/C
0 90 0.000 0.011
10 72 0.223 0.014
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20
40
60

57
36
23

Chapter 1 Introduction to Wastewater Treatment and Process Analysis

0.457
0.916
1.364

0.018
0.028
0.043

2. To determine whether the reaction is first- or second-order, plot — In(C/C,)

and 1/C versus t as shown below. Because the plot of — In(C/Co) versus tis
a straight line, the reaction is first order with respect to the concentration C.

1.5 . 005 ; 7
A
o 004
‘ e
1 : ! f,// ! P
i P 0.03 o
] e £ 7
T s ~ //’f ; , , sz e Jw/ -
,f’f Y
;x‘/’
" EH 1213 ,;‘(1 :;'D ;U ﬁ} i*;:!{} i 90 1;} it 3{% 40 i 8 T
Time, min Time, min
3. Determine the reaction rate coefficient.
Slope =k
1.364 - 0.223 )
The slope from the plot = - — =0.023/min
60 min-10 min

k = 0.023/min

Summary of results for Problem 1-7

Reactant Order k, minl K, m3/g-min
1 First 0.023
2 Second 0.0121
3 Second 0.0003
4 First 0.035

Solution: Mathematical Approach
1. The following analysis is based on reactant 1
2. For zero order kinetics the substrate utilization rate would remain constant.

Because the utilization rate is not constant for reactant 1, the reaction rate is

not zero order.
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Chapter 1 Introduction to Wastewater Treatment and Process Analysis

3. Assume first order kinetics are applicable and compute the value of the rate

constant at various times.

Time, min CICq In C/Cq k, min-1
0 1.00 0.000
10 0.80 -0.223 0.022
20 0.63 -0.457 0.023
40 0.40 -0.916 0.023
60 0.26 -1.364 0.023

3. Because the reaction rate constant is essentially constant, it can be
concluded that the reaction is first order with respect to the utilization of

reactant 1.

PROBLEM 1-8

Problem Statement - See text, page 53

Solution

1. Write a materials balance for the batch reactor

Accumulation = inflow — outflow + generation

dA]
g 00+ (—K[A][B])
However, because [A] = [B]

dAL _kap
dt

2. Integrate the above expression
A
j diAl_ j dt
A, [AF

)= —kt
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3. Determine the reaction rate constant k

11
{0 91 J ~k(9)

k = 0.011 L/moleemin

4. Determine the time at which the reaction will be 90 percent complete

{i - 3} ~0.011(t)
011 1

t =818 min

PROBLEM 1-9

Problem Statement - See text, page 53

Solution

1. Write a materials balance for the batch reactor

Accumulation = inflow — outflow + generation

d[A]

gt -0~ 0+ (=KIAIBD

However, because [A] = [B]

dAL_ _ap
dt

2. Integrate the above expression
A
j diAl_ j dt
A, [AF

(

Ly u
AO

>+

3. Determine the reaction rate constant k

{ L 1}=—k(12)
0.92(1.33) 1.33

1-11



Chapter 1 Introduction to Wastewater Treatment and Process Analysis

k = 0.00545 L/moleemin

4. Determine the time at which the reaction will be 96 percent complete

- L 1 000845 (1
0.04(1.33) 1.33

t=3313 min

PROBLEM 1-10

Problem Statement - See text, page 53

Solution

1. Solve Eg. (1-41) for activation energy. The required equation is:

__RhT, (mk_z\_w
(T,-T) klj_(l/Tl—lsz)

where kolky = 2.75
T, =10°C = 283.15K
T, = 25°C = 298.15 K
R =8.314 J/mole*K

2.  Solve for E given the above values:

~ (8.314)[In(2.75]]
 (1/298.15-1/283.15)

= 47,335 J/ mole

PROBLEM 1-11

Problem Statement - See text, page 53

Solution

1. Determine the activation energy using Eq. (1-41):

k, E(T,-T) _ E

In =
k1 RT1T2 RT1T2

(T2 - T]_)

where kolki = 2.4
E = 58,000 J/mole

1-12
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R =8.314 J/mole«K

2. Given ko>>kj, the lowest reaction rate is observed at k;. Therefore, T1 =
15°C. Insert know values into Eq. (1-41) and solve for T, to determine the
temperature difference between T; and Ta:

Ink—2 _0.8755 = E(T,-T) _ (58,000 J/mole) (T, — 288.15 K)
Ky RT,T, (8.314 J/ mole °K)(288.15 K)T,

_ 58,000T, 16,712,700
© 2395.68T, 2395.68T,

=24.21-6976.18/T,

1 _2421-08755 _ (1aays
T,  6976.18

T, =298.96 K=26"C

3. The temperature difference is therefore 11 °C.

PROBLEM 1-12

Problem Statement - See text, page 53
Solution

1. Use Eqg. (1-41) to determine In(kao/k1):

k, E(T,-T) E

In =
k1 RT1T2 RT1T2

(T2 - T]_)

where T,=27°C-15°C=12°C=285.15K

T,=27°C =300.15K
E =52,000 J/mole

R =8.314 J/mole«K

2. Solve for In(ko/k1) given the above values:
ky (52,000 J/mole)

" k; (8.314J/mole+K)(285.15 K)(300.15 K) (
=1.0962

285.15 K —300.15 K)
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Chapter 1 Introduction to Wastewater Treatment and Process Analysis
3.  The difference in the reaction rates is:

In=2 = In(k,)-In(k, ) = 1.0962

PROBLEM 1-13

Problem Statement - See text, page 54

Solution

1. Determine the activation energy using Eq. (1-41)

k, E(T,-T) E

In =
k1 RT1T2 RT1T2

(T2 - T]_)

where  Kosec = 1.5 x 1072 L/mole-min
Kg50c = 4.5 x 10°2 L/mole-min
T, = 25°C = 298.15 K
T, =45°C =318.15K
R = 8.314 J/mole-K
2. Solve the above expression for E
E= m(Ink—z\

B (Tz _Tl)L k1

( -2)
e _ (8314)(298.15)(318.15) [ 45x10%} o0 )
(318.15 - 298.15) 1.5x1072

3. Determine the rate constant at 15°C

K, E
In—= =
k, RTT,

(T2 - T]_)

where Kjgoc = ? L/mole-min
Kosoc = 1.5 x 10-2 L/mole-min
T, = 25°C = 298.15 K
T, =15°C =288.15K
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R = 8.314 J/mole«K

Ko
In—1€— = 43,320 (288.15-298.15)
15x102  (8.314)(298.15)(288.15)
kl5°C
In—25C__ — _0.6065
1.5x1072

Kisec = (1.5 X 1072)(0.5453) = 0.818 x 102

PROBLEM 1-14
Problem Statement - See text, page 54
Solution

1. Determine the activation energy using Eq. (1-41)

k, E(T,-T) E
k, RTT, RTT,

In (T2 - T]_)

where  kogec = 1.25 x 102 L/mole-min
Kagoc = 3.55 x 10-2 L/mole-min
T, =20°C =293.15K
T, = 35°C = 308.15 K
R = 8.314 J/mole*K
2. Solve the above expression for E
RT,T, [ Kk,)
RUSNY

( -2)
£ _ (8.314)(293.15)(308.15) 1 3.55x10° | _ 52 262 J/mole
(308.15 - 293.15) 1.25x1072

3. Determine the rate constant at 15°C

k
In—2 E

k, RTT,

(T2 - T]_)

where Kkqgoc = ? L/mole-min
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Kogec = 1.25 x 1072 L/mole+min
T, =20°C =293.15K
T, = 15°C = 288.15 K
R = 8.314 J/mole*K

Kysoc 52,262

In - (288.15 —293.15)
1.25x1072 (8.314)(293.15)(288.15)
K;co
In—2C - _0.372
1.25x1072

Kisec = (1.25 x 10-2)(0.689) = 0.862 x 102

PROBLEM 1-15

Problem Statement - See text, page 53

Solution

1. Write a materials balance for a complete-mix reactor. Use the generic rate
expression for chemical reactions given in Table 1-11.

Accumulation = inflow — outflow + generation

?j—(t:v = QC,_ - QC + (-kC")V

2. Solve the mass balance at steady-state for kCP
From stoichiometry, C = C, — 1/2Cg
Substituting for C yields:

1
0=QC,-Q(C,~- ECR) + (-kCMV
0= EQCR - kC"V

2V

kC"

3. Determine the reaction order and the reaction rate constant at 13°C

a. Consider Run1
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ke [1-1/ 28" = ZCM/SLBmOIL) _ 50154 gie/Les

2(5L)10° cm?®/L)

b. Consider Run 2

ke [1-1/ 25" = E2CM/SSMOTL) 5 55,102 oje /Les

2(5 L)20° cm?®/L)

c. Divideabyb

Kigc 0" _ 36x10™
Kyzoc (0.25)"  2.25x107°

(01)"
LEJ =0.16

n=2
4. Determine the reaction rate constant at 84°C

QCr  (15cm/s)(1.8mole/L)

_ = o > —2.7x10° YL/ molees
2ve?  2(5L)10% cm3/L)(0.1)

k

84°C

5. Determine the temperature coefficient 6 using Eq. (1-44)

Kgasc _ol-T)
Kizoc
— 2 2 _ -2
where K, ;.= (K;3..C)/C"=3.6 x 10

2.7x107" _ (357.15-286.15)
3.6x1072

In(7.5)=711n6
In 6 =2.015/71 = 0.0284
6 =1.029

PROBLEM 1-16

Problem Statement - See text, page 53

Solution

1. Write a materials balance for the batch reactor
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Accumulation = inflow — outflow + generation

d—CV:O—OJr(——kC )V
dt K+C

2. Solve the mass balance for t

(KJFC\dC:—kdt
c )

(Lo

K In(Co/C) +( Cq - C) = kt

(o KIn(C,/C) +C,-C
k
3. Compute t for the given data:

Co, = 1000 mg/m3
C =100 mg/m3
k = 40 mg/m3.min

K =100 mg/m3

. 100 In(1000/100) +(1000-100)
B 40

=28.3 min

Comment
An explicit expression for the concentration C cannot be obtained as a function of

time. The concentration C at any time t must be obtained by successive trials.

PROBLEM 1-17

Problem Statement - See text, page 54

Solution

1. Write a materials balance for the batch reactor

Accumulation = inflow — outflow + generation

1-18



Chapter 1 Introduction to Wastewater Treatment and Process Analysis

d—CV:O—OJr(——kC )V
dt K+C

2. Solve the mass balance for t

(KJFC\dC:—kdt
c )

J‘CCKQ " 1}dc -k j;dt

K In(Co/C) + Cq- C = kt

(o KIn(C,/C) +C, - C
k
3. Compute t for the given data:

Co = 1000 g/m3
C = 100 g/m3
k = 28 g/m3.min

K =116 g/m3

,_ 116 In(1000/100) +(1000-100)
B 28

=41.7 min

Comment
An explicit expression for the concentration C cannot be obtained as a function of

time. The concentration C at any time t must be obtained by successive trials.

PROBLEM 1-18
Problem Statement - See text, page 54

Solution
1. Write a materials balance on the water in the complete-mix reactor

Accumulation = inflow — outflow + generation
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O('j—(t: = QC_—QC + (-kC)V

2. Determine the flowrate at steady state

0=QC,—QC + (-kC)V

solve for C/C,

Cc_Q

C, Q+kV

Substitute known values and solve for Q at 98 percent conversion
(C/IC,=0.02)

0.02 = Q

Q + (0.15/d)(20 m®)
Q =0.02Q + 0.06
Q = 0.0612 m3/d

3. Determine the corresponding reactor volume required for 92 percent

conversion at a flowrate of 0.0612 m3/d

(0.0612 m*/ d)

0.08 = .
(0.0612 m3 /d) + (0.15/ d)V

V=47m3

PROBLEM 1-19

Problem Statement - See text, page 54

Solution

1. The general expression for reactors in series for first order kinetics is:
a. For reactors of the same size the expression [EqQ. (1-75)] is:

- Co — Co

KV InQ 1+ (k)"

n

where t = hydraulic detention time of individual reactors

b. For reactors of unequal size the expression is:
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C _ CO CO CO
"1+ (key) || 1+ (kty) || 1+ (kep,)

where 14, 1, . . T = hydraulic detention of individual reactors

Demonstrate that the maximum treatment efficiency in a series of complete-
mix reactors occurs when all the reactors are the same size.
a. Determine efficiency for three reactors in series when the reactors are
of the same size.
Assume Cy;=1,Vy=3,t=1,k=1,andn=3
C; 1 1
Co M+ko [L+@xDP

=0.125

b. Determine efficiency for three reactors in series when the reactors are
not of the same size.
Assume C;=1,V7=3,11=2,10=05,13=05,and k=1

C_|_ 1 1 L ~0.148
C, [1+(1x2)|[1+(1x05)|[1+(1x0.5) '

c. Determine efficiency for three reactors in series when the reactors are

not of the same size and are of a different configuration from b

Assume C;=1,Vy=3,11=1,15=15,13=05k=1,andn=3

Cs_ 1 1 1 =0.133
C, [1+(Ax1||1+(1x1.5)]||1+(1x0.5) '

Demonstrate mathematically that the maximum treatment efficiency in a

series of complete-mix reactors occurs when all the reactors are the same
size.
a. For two reactors in series

CO

— = (L+Kkty)(1+ (Kt5)

C,

b. Determine t; and 15 such that C,/C, will be maximized
V(C, /Cy) = (1+k%1y) i + (1+k31,)]

c. To maximize the above expression let V(C,/C,) =0
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0 = (1+Kk%1y)i + (1+k?1,)]
1+ kzrl =0
1+ kzrz =0
thus, 1y =t fork =0
d. Check to identify maximum or minimum
Letty+1p,=2andk=1
Ifty=1=1

Then % = (L+kr)@+(kt,) =[1+ A x DL+ (1 x1)] =4
2

e. For any other combination of t; + 15, C,/C, will be less than 4. Thus,
Co/C5 will be maximized when 11 = 15.

f. By extension it can be shown that the maximum treatment efficiency in a
series of complete-mix reactors occurs when all of the reactors are of

the same size.

PROBLEM 1-20
Problem Statement - See text, page 54

Solution

1.

For n complete-mix reactors in series the corresponding expression is given
by Eq. (1-75)
C, 1 1

Co M+(kV/nQ)" [+ (k/7)"

where t = hydraulic detention time for individual reactors

Determine the number of reactors in series

[1+(K/ o) = %

n

Substitute the given values and solve for n, the number of reactors in series

6
[1+(6.1/h)/(0.5 h)]" = %
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10°
nlog [1+(6.1/h)/ (0.5 h)] = log {mj

n~10.2, Use 10 reactors

PROBLEM 1-21
Problem Statement - See text, page 54

Solution

1.

The expression for an ideal plug flow reator is given in Eq. (1-21)

The influent concentration must be equal to the effluent concentration and
the change with respect to distance is equal to zero by definition.

The rate of reaction is defined as retarded first order given in Eqg. (1-53),
dC kC

dt  (1+4rt)"

Bringing like terms together, integrate between the limits C=C,and C=C
andt=0andt =t,

J-C:C dC__J.t:t k dt
Forn=1,

m(cij = Kn(ny)

0 It

C=C, exp{—rhln(ljt rtt)}
t

Forn#1,
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PROBLEM 1-22
Problem Statement - See text, page 54

Solution

1.

Develop basic materials balance formulations for a complete-mix reactor
(CMR) and a plug-flow reactor (PFR).

a. CMR
Accumulation = inflow — outflow + generation
dC
EV QC,—-QC +r.V Eq. (1-57)

At steady state
0=QC,-QC +r.V

b. PFR
Accumulation = inflow — outflow + generation
oC
5 —AV=QC| -QC| . +r.dV Eqg. (1-79)

Taking the limit as Ax goes to zero and considering steady-state yields

For a rate of reaction defined as r; = - KC" the above expression can
be written as follows. See.

—=—k—j dx :—k—:—kxz—kr

c" Q Eq. (1-83)
Solve the complete-mix and plug-flow expressions for r = -k and determine
ratio of volumes

a. Complete-mix reactor

0=QC,-QC —kV

C,-C
Vo = 2% =0

b. Plug-flow reactor

C
Vv
dC=-k—-=C-C
J gemkg=c-c.
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C,-C
VPFR:—Q( T( )

c. Ratio of volumes

Q(C,-O)]
Verr _ L ) - =1
Vemr | Q(C, -0
k

Solve the complete-mix and plug-flow expressions for r = -kC0-> and
determine ratio of volumes

a. Complete-mix reactor

0=QC,-QC - kC%®Vv

QG 0.5
VCMR - E(CO'S -C

b. Plug-flow reactor

C
dc __,V

. CO.5 Q
2
Veer = TQ(Cg'S - %)

c. Ratio of volumes

Vemr (Co —C)

Solve the complete-mix and plug-flow expressions for r = -kC and determine
ratio of volumes
a. Complete-mix reactor

0=QC,—-QC -kCV

v _Q(C-C)
CMR — kC

b. Plug-flow reactor

ch_cz_kx
.C Q
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Verr = % In(C, /C)

c. ratio of volumes
Vorr C[In(C, /C)]

Vewmr (€, -C)

5. Solve the complete-mix and plug-flow expressions for r = -kC2 and

determine ratio of volumes

a. Complete-mix reactor
0 = QC,-QC - kC?V

v _Q(C -0
CMR KC2

b. Plug-flow reactor

C
dc__, Vv

., C? Q

VPR 2%(

1
C_)
0

Olr

c. Ratio of volumes

Verr _ C

Vemr  Co
6. Setup computation table to determine the ratio of volumes (Vprr/Vcemr)

versus the fraction of the original substrate that is converted

Fraction VPFRVCMR
converted f=-k (= kc0.5 [ =-kC f = KC2

0.1 1 0.97 0.95 0.90
0.3 1 0.91 0.83 0.70
0.5 1 0.83 0.69 0.50
0.7 1 0.71 0.52 0.30
0.9 1 0.48 0.26 0.10
0.95 1 0.37 0.16 0.05
0.99 1 0.18 0.05 0.01
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7. Plot the ratio of volumes versus the fraction of the original substrate that is

converted.
1 —T — T — T 1 r=-Kk-
0.8 [ \\r=-kC°-5 y
[ r=-kC
& L
= 0.6 r=-kC? =
2 L
T L
>'l 0.4» \ -
02 [ \X
ol . ‘ - ‘ \

L L L | L
0 0.2 0.4 0.6 0.8 1
Fraction converted

8. Determine the ratio of volumes for each rate when C = 0.25 g/m* and C, =
1.0 g/m® (fraction converted = 0.75). From the plot in Step 7 the required

values are:
Rate Veer/VeMR
r=—k 1.00
r = — kc0.5 0.67
r=—kC 0.46
r=—_ KkC2 0.25

PROBLEM 1-23

Problem Statement - See text, page 54

Solution

1. The ratio of volumes (Vpgr/VcMmr) Versus the fraction of the original

substrate converted is given in the following plot (see Problem 1-22).
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08 [
i T~ \
r=-kC
0.6 [ i ™~
04 [ ]
02 [ \ \X
ol . .1 ‘ R - \

L | L L L
0 0.2 0.4 0.6 0.8 1
Fraction converted

Verr/Veur

2. Determine the ratio of volumes for each rate when C = 0.17 g/m3 and C, =

1.25 g/m3 (fraction converted = 0.86). From the plot in Step 7 the required

values are:
Rate VPERVCMR
r=—k 1.00
r = _ kc0.5 0.54
r=—kC 0.31
[ = KC2 0.14

PROBLEM 1-24

Problem Statement - See text, page 54

Solution: Part 1 (r = -kC2)

1. Solve the complete-mix and plug-flow expressions for C for r = -kC?2

a. Complete-mix reactor

c2 Q QC:O

Vo kv
Q/kv[\/1+ a(kviQ)c, - 1}
Comr = 2

b. Plug-flow reactor

1-28



Chapter 1 Introduction to Wastewater Treatment and Process Analysis

cdC_ Vv
. C? Q

O ( 1)
“klc ¢,

(kv 1)
PFR LQ CJ

2. Determine the effluent concentration from the combined reactor systems
a. PFR-CMR

>\—|,O
Ol

(kg 1) 11 1\‘1
C — | === — - 0.5kg/m?
PFR LV C) 1 g/m

. Q/kv[\/l+ a(kviQ)C, - 1} ) (1/1x 1)[\/1+ 4(1x1/1)(0.5) - 1}

CMR ™ 2
=0.366 kg/m?®
b. CMR-PFR
Q/kV| 1+ 4(kV/Q)Cy —1|  (1/1x1)| {1+ 4(1x1/1)(1) -1
Cemr= 2 = 2
=0.618 kg/m?
k 1)t (1x1 1 )P
Cprn = (—Q 4 —J - (i 4 —J - 0.382kg/m?
vV ' C, 1 0618

c. Because the effluent concentration C is not directly proportional to C, for

second order kinetics, the final concentrations are different

Solution: Part 2 (r = - kC)
1. Solve the complete-mix and plug-flow expressions for C for r = -kC

a. Complete-mix reactor
0=QC,-QC -kCV

— CO
~(1+kVv/Q)

b. Plug-flow reactor
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cdc_ Vv
e © Q
C=C,e VR

2. Determine the effluent concentration from the combined reactor systems
a. PFR-CMR
Corr = Coe V'@ = (1)e ™V = 0.368 kg/m®

C 0.368 3
Comr = °__ = =0.184 kg/
M (@+kvIQ)  [1+(1x1)/1] T

b. CMR-PFR

C 1
Comr = 0= =0.5kg/m’
M (@+kvIQ)  [1+ (1x1)/1] 3T

Cprr = Coe ¥V/Q = (0.5)e XV = 0.184 kg/m?
c. Because the effluent concentration C is directly proportional to C, for
first order kinetics, the final concentrations are the same

Solution: Part 3 (r = -k)
1. Solve the complete-mix and plug-flow expressions for C for r = -k

a. Complete-mix reactor
0=QC,-QC —kV
C=C, -k(V/Q)

b. Plug-flow reactor

Vv

Q

C=C,-k(V/Q)

C
J' dC=—k
Co

2. Determine the effluent concentration from the combined reactor systems
a. The two expressions derived above are identical.

b. Because the two expressions are identical, for the given data the

concentration in the second reactor is equal to zero.
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PROBLEM 1-25
Problem Statement - See text, page 54
Solution

1. Develop basic mass balance formulation for plug-flow reactor with recycle
Accumulation = inflow — outflow + generation
oC

- i Tl dv (2-18)
where Q =Q(1+ a)
' - aC+C,
1+a

o = recycle ratio = Q/Qr

2. Solve the mass balance equation for C/C,

cdc__ Vv
c, C Q
MC/Cbz—k%

_kV( 1 ]
C:CI e—kV/Q':aC+COe Q 1+a
° 1+a

With some manipulation,
_kv(ll j
e Qll+a

- _kv( 1 j
1+a|l-e QU*e
2

Remembering that e =1+ x + % +...

c/c,

( (

1+ k— Ll—k— J
c/C - 1+0c _ Q1+0c
° ( V oa )

1+o|l- 1+k— +0cJ L Q1+0cJ

Thus when a — «, the above expression is approximately equal to
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1

1+ kx
Q

C/C, =~

which is the expression for a complete-mix reactor
3.  Sketch the generalized curve of conversion versus the recycle ratio.
a. Ata=0

1-CICy=1-e"kVIQ
b. Asa—w

1 - C/C, — the conversion of a CMR

1 T
o 08
Q
)
~ 06
C— i
S i
g 0.4
= i — ™
S
0.2
07 I I I I I I I I I 1 I I I I I I I I
0 2 4 6 8 10 12

Recycle ratio, o

4.  Sketch a family of curves to illustrate the effect of the recycle rato on the
longitudinal concentration gradient.

a. From Step 2

_kV( 1 ]
C/iC,=e QUre

b. The relative conversion is:

_kV( 1 ]
1-C/C,=1-e QU*¢

c. When a = 0, the longitudinal concentration gradient is given by

Ol<

1-cic,=1-e"

d. When a — o, the longitudinal concentration gradient is given by
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1-CICu=1-1=0

1

a=0

g oa=1
o
2 06
é =5
9]
o
2 o4
©
Q
o

0.2

End of reactor
0 o—

0 1 2 3 4 5 6 7 8
Length along plug-flow reactor

5. Write a materials balance for a complete mix-reactor with recycle

Accumulation = inflow — outflow + generation

(L—Ct; =QCy+ QrC - (Q+Qg)C +(-1c)V

At steady-state

Because Qg drops out of the above expression, recycle flow has no effect.

PROBLEM 1-26

Problem Statement - See text, page 54

Solution

1. Write a materials balance for a complete mix-reactor with effluent recycle
with first order reaction kinetics

Accumulation = inflow — outflow + generation

(L—Ct; =QCy+ QrC - (Q+Qg)C +(-1c)V

2. At steady-state

1-33



Chapter 1 Introduction to Wastewater Treatment and Process Analysis

Because Qg drops out of the above expression, recycle flow has no effect

for first or second order reactions.

PROBLEM 1-27
Problem Statement - See text, page 54

Solution

1.

2.

Starting with Eq. (1-53), derive an expression that can be used to compute

the effluent concentration assuming a retarded second order removal rate

coefficient.
Cc=C t=t
.[ ac__ j K__ 4t
c=C, C2 t=0 (1+ i t)

a. Integrating the above expression yields

t=t
= kIn(1+rt t)

c=C
c=c, It

1
c t=0
b. Carrying out the above substitutions and solving for C yields

C rCo
1 +kColIn(14r11)

Determine the effect of retardation.

a. The expression for the effluent concentration for second-order removal
kinetics without retardation is (see Problem 1-24, Part 1 for plug-flow
reactor):

1

(kr + 1}
CO

b. Compare effluent concentrations for the following conditions
Co=1.0

k=0.1
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i = 0.2

t=1.0
c _ 0.2(1.0) 002

efflretarded)™ 9 2 4 0.1(1.0)In [1+ 0.2 (1.0)]

1
Ceff(unretarded) = 1 =0.91
{0.1(1.o)+ }
(1.0)

From the above computations it can be seen that the effect of retardation is
not as significant for a second order reaction. The impact is much greater

for first order reactions.
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CONSTITUENTS IN WASTEWATER

PROBLEM 2-1

Problem Statement - See text, page 171

Solution

1. Setup a computation table to determine the sum of milliequivalents per liter

for both cations and anions for Sample 3, for example.

Concentration Concentration
Cation  mg/meq mg/L meg/L Anion mg/meq mg/L meg/L
Ca2+ 20.04 190.2 9.49 HCO;~  61.02 260.0 4.26
Mg2+ 12.15 84.1 6.92 S0,2  48.03 64.0 1.33
Na‘t 23.00 75.2 3.27 cr 35.45 440.4 12.41
K+ 39.10 5.1 0.13 NOg 62.01 35.1 0.58
Fe2+ 0.2 0.01 CO32' 30.0 1.00
Sum - - 19.82 Sum - - 19.58

2. Check the accuracy of the cation-anion balance using Eq. (2-5).

Percent difference = 100 x{ z cat!ons -2 an!ons}
¥ cations + 3 anions

Percent difference =100 X{M} =—0.6% (ok)
19.82+19.58

PROBLEM 2-2

Problem Statement - See text, page 171

Solution

1. Determine the mole fraction of each cation and anion in Sample 1 using Eq.

(2-2) written as follows:

2-1



Chapter 2 Constituents In Wastewater

X _ n Ca2+

@ n _4n ,+N__+N_.+N__+N_, +N_+N__+Nn
Ca Mg Na K HCO; SO; Cl NO; w

a. Determine the moles of the solutes.

_ (206.6 mg/L) —5.155x10° mole/L

n 2+
¢ (40.08x10°® mg/mole Ca*")

- (95.3 mgiL) =3.921x10"° mole/L

n 2+
Mg (24.305x10° mg/mole of Mg*)

(82.3 mg/L)

MNar = 3 — =3.578x10"° mole/L
Na (23.000x10° mg/mole of Na*)

(5.9 mg/L)

n.= - —=1.509x10"* mole/L
K" (39.098 x10° mg/mole of K*)

_ (525.4 mg/L) —8.611x 10" mole/L

n,
HCOs  (61.017x10° mg/mole of HCOy)

(219.0 mg/L)

n_, = =2.280x10"° mole/L
S0 (96.058x10° mg/mole of SO%")

(303.8 mg/L)

n, = . — =8.569x10° mole/L
¢ (35.453x10° mg/mole of CI)

(19.2 mg/L)

n_ = . —=3.097x10™ mole/L
N (62.005 x10° mg/mole of NO,)

c. Determine the moles of the water.

_ (1000 g/L)
(18 g/mole of water)

=55.556 mole/L

w

d. The mole fraction of calcium in Sample 1 is:

2-2



Chapter 2 Constituents In Wastewater

« 5.16x10°°
¢ (5.16+3.92+3.58+0.151+8.61+2.28 +8.57 +3.10)x10~° +55.56

=9.28x107°

2. Similarly, the mole fractions of Mg®* and SO4* in Sample 1 are:

. - 3.92x10°°
Mo”  (5.16+3.92+3.58 +0.151+8.61+2.28 +8.57 +3.10)x10"° +55.56
=7.05x10"°
. - 2.28x10°°
% (5.16+3.92+3.58+0.151+8.61+2.28 +8.57 +3.10)x10"° + 55.56
=4.10x107°

PROBLEM 2-3

Problem Statement - See text, page 171

Solution

1. Determine the ionic strength of the wastewater using Eq. (2-11)

a. Prepare a computation table to determine the summation term in Eq.

(2-11) using the data for Sample 3 in Problem 2-1

Conc.,,C, Cx 103, c72 x
lon mg/L mole/L z2 103
Ca2t 190.2 4.75 4 19.00
Mg2+ 84.1 3.46 4 13.84
Na* 75.2 3.27 1 3.27
K* 5.1 0.13 1 0.13
Fe2+ 0.2 4
HCO5" 260.0 4.26 1 4.26
S04% 64.0 0.67 4 2.68
cr 440.4 12.42 1 12.42
NO3 35.1 0.57 1 0.57
COz% 30.0 0.50 4 2.00
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Sum 58.17

b. Determine the ionic strength for the concentration C using Eq. (2-10)

! :% > CZ2= %(58.17 x 107%) =29.09 x 10°°

2. Determine the activity coefficients for monovalent and divalent ions using
Eqg. (2-12)

a. For monovalentions

J29.09 x10°
log y=—0.5(Z i){ J ~0.3 |J = -0.5(1)° 29.09 x 10 ~0.3(29.09 x10°?)
1+ 1+4/29.09 x 1072

=—-0.0685

y=0.8541

b. For divalent ions

log y=—0.5(Z i){i\[—oe J - —0.5(2){ ij —0.3(29.09 X 103)}
1+ 1++/29.09 x 102

=-0.2739

y=0.5322

2. Continue the computation table from Part 1 to determine the activity for
each ion using Eg. (2-8)

Cx 103, Activity a;,
lon mole/L mole/L
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Ca2* 4.75 2.53
Mg2* 3.46 1.84
Na* 3.27 2.79
K+ 0.13 0.11
Fe2*

HCO3 4.26 3.64
S0,% 0.67 0.36
ol 12.42 10.61
NOg 0.57 0.49
CO42 0.50 0.27

PROBLEM 2-4

Problem Statement - See text, page 171

Solution

1. Estimate the TDS for Sample 3 from Problem 2-1 using Eq. (2-11)

| =2.5x10°x TDS

where TDS = total dissolved solids, mg/L or g/m3

| x 10° _(0.02909) x 10°
2.5 2.5

TDS =

= 1163 mg/L

2. Estimate the TDS for Sample 3 from by summing the solids concentrations

Conc., C,
lon mg/L
ca2t 190.2
Mg2* 84.1
Na* 75.2
K* 51
Fel+ 0.2
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	Solution

	PROBLEM 5-29
	Solution
	1.Determine K
	2.Plot dC/dt versus C
	The slope is equal to -KLa, so
	The y-intercept is equal to KLa (Cs), Thus C




	PROBLEM 5-30
	Solution
	Solution
	The maximum rate of oxygen transfer, then, is



	PROBLEM 5-31
	Solution
	Solution

	PROBLEM 5-33
	PROBLEM 5-33
	PROBLEM 5-33
	PROBLEM 5-33
	PROBLEM 5-33
	Solution
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	PROBLEM6-1
	Solution
	PROBLEM6-2
	Solution
	PROBLEM6-3
	Solution – Part a
	Solution – Part b
	PROBLEM6-4
	Solution – Part a
	Solution – Part b
	Solution – Part c
	PROBLEM6-5
	PROBLEM6-6
	PROBLEM6-7
	PROBLEM6-8
	Solution
	PROBLEM6-9
	Solution
	PROBLEM6-10
	Solution
	PROBLEM6-11
	Solution
	PROBLEM6-12
	Solution
	PROBLEM6-13
	Solution
	PROBLEM6-14
	Solution
	PROBLEM6-15
	Solution
	PROBLEM6-16
	Solution
	PROBLEM6-17
	Solution
	PROBLEM6-18
	Solution
	PROBLEM6-19
	Solution

	M&E5 SM Chap. 07 FINAL REV
	Instructors Note:  In many of the problems where constituent concentrations are used, the units mg/L and g/m3 are used interchangeably to facilitate computations without introducing additional conversion factors.
	PROBLEM 7-1
	Solution
	Solution
	PROBLEM 7-5
	Solution
	Solution
	Solution
	Solution
	Solution
	PROBLEM 7-10



	Solution
	Solution
	Solution
	PROBLEM 7-11



	Solution
	Organic compound

	PROBLEM 7-13
	Solution
	PROBLEM 7-14
	Solution for diameter = 1 µm
	PROBLEM 7-15
	PROBLEM 7-34
	Solution
	PROBLEM 7-35
	Solution
	PROBLEM 7-36
	Solution
	PROBLEM 7-37
	Solution (100 mg/L acetate)
	PROBLEM 7-38
	PROBLEM 7-38
	Solution


	PROBLEM 7-40
	Solution (Influent COD = 2000 mg/L)
	PROBLEM 7-42
	Solution
	PROBLEM 7-43
	Solution
	PROBLEM 7-44
	Solution

	M&E5 SM Chap. 08 ALL FINAL
	Instructors Note:  In many of the problems where constituent concentrations are used, the units mg/L and g/m
	PROBLEM 8-3
	PROBLEM 8-8
	Solution
	PROBLEM 8-9
	Solution
	PROBLEM 8-10
	Solution – for wastewater #1
	PROBLEM 8-11
	Solution
	PROBLEM 8-25

	M&E5 SM Chap. 09 FINAL
	Instructors Note:  In many of the problems where constituent concentrations are used, the units mg/L and g/m3 are used interchangeably to facilitate computations without introducing additional conversion factors.In the first print of the textbook, Eq. (9-15) should to be corrected to
	PROBLEM 9-1
	Solution
	PROBLEM 9-2
	Solution
	PROBLEM 9-3
	Solution (4 m packing depth)
	PROBLEM 9-4
	Solution (for test data collected at 12oC)
	PROBLEM 9-5
	Solution
	PROBLEM 9-6
	Solution (Use the NRC equation for rock trickling filters that can be found in the 4th edition of the Metcalf and Eddy Wastewater Engineering textbook or other references)
	PROBLEM 9-7
	Solution
	PROBLEM 9-8
	Solution
	PROBLEM 9-9
	Solution
	PROBLEM 9-10
	Solution
	PROBLEM 9-11
	Solution (Influent flowrate is 37,000 m3/d)
	PROBLEM 9-12
	Solution - Part A, 40 percent BOD removal in trickling filter
	Solution - Part B, 80 percent BOD removal in trickling filter
	PROBLEM 9-13
	Solution for Winter Condition (Temperature = 5°C and activated sludge SRT = 15 days)
	Solution for Summer Condition (Temperature = 26°C and activated sludge SRT = 5 days)
	PROBLEM 9-16
	Solution
	PROBLEM 9-17
	PROBLEM 9-18
	PROBLEM 9-19
	PROBLEM 9-20
	PROBLEM 9-21
	Solution (Effluent NO3-N concentration = 2.0 mg/L)
	PROBLEM 9-22
	Solution

	M&E5 SM Chap. 10 FINAL
	ANAEROBIC SUSPENDED AND ATTACHED
	ANAEROBIC SUSPENDED AND ATTACHED

	PROBLEM10-3
	Solution (flowrate of 1000 m3/d)
	PROBLEM10-4
	Solution
	PROBLEM10-5
	Solution
	PROBLEM10-6
	PROBLEM10-7
	PROBLEM10-8
	PROBLEM10-9
	PROBLEM10-10
	PROBLEM10-11
	PROBLEM10-11
	Problem Analysis


	PROBLEM10-12
	PROBLEM10-13

	M&E5 SM Chap. 11 FINAL REV
	REMOVAL OF RESIDUAL CONSTITUENTS
	REMOVAL OF RESIDUAL CONSTITUENTS

	Solution
	Part a
	Part a
	Modifying Stock Sand To Produce Desired Filter Sand
	Part c



	PROBLEM11-2
	Solution
	PROBLEM11-3
	Solution
	PROBLEM11-4
	Solution
	PROBLEM11-5
	Solution
	PROBLEM11-6
	Solution
	PROBLEM11-7
	Solution
	PROBLEM11-8
	Solution
	PROBLEM11-9
	Solution
	PROBLEM11-10
	PROBLEM11-11
	Solution
	PROBLEM11-12
	Problem Statement - See text, page 1281
	PROBLEM11-13
	PROBLEM11-14
	Solution
	PROBLEM11-15
	Solution
	PROBLEM11-16
	Solution
	PROBLEM11-17
	Solution
	PROBLEM11-18
	Solution
	PROBLEM11-19
	Solution
	PROBLEM11-20
	PROBLEM11-21
	Solution
	PROBLEM11-22
	Solution
	1.Review the three artciles related to disposal of nanofiltration, reverse osmosis, and elecetrodialysis.
	2.Prepare a table to discuss the type of process combinations that are being proposed accoring to the article review.
	Processes used to deal with brine from nanofiltration,  reverse osmosis and electrodialysis in no special order.
	PROBLEM11-23 - See text, page 1284
	Solution
	PROBLEM11-24
	Solution
	PROBLEM11-25
	PROBLEM11-26
	Solution
	PROBLEM11-27
	Solution
	PROBLEM11-28
	PROBLEM11-29
	PROBLEM11-30
	Solution – Part A
	PROBLEM11-31
	PROBLEM11-32
	Solution
	PROBLEM11-33
	PROBLEM11-34
	PROBLEM11-35
	PROBLEM11-36

	M&E5 SM Chap. 12 FINAL REV
	PROBLEM12-1
	Solution
	PROBLEM12-2
	Solution
	PROBLEM12-3
	Solution
	Part a
	Part b
	PROBLEM12-5
	Solution
	PROBLEM12-6
	Solution
	PROBLEM12-7
	Solution
	PROBLEM12-8
	Solution
	PROBLEM12-9
	Solution
	PROBLEM12-10
	Solution
	PROBLEM12-11
	Solution
	PROBLEM12-12
	Solution
	PROBLEM12-13
	Instructors Note: Assume the contact time in each reactor is 3 min and the t10/t ratio is 0.6.
	Solution
	PROBLEM12-14
	PROBLEM12-15
	PROBLEM12-16
	PROBLEM12-17
	PROBLEM12-21
	PROBLEM12-22
	PROBLEM12-23
	PROBLEM12-25
	Instructor Note:  Cleaning is a major issue in the application of low-pressure low-intensity and low-pressure high-intensity UV disinfection systems.  In low-pressure low-intensity lamp systems, the UV lamps are cleaned externally from the UV reactor whereas in low-pressure high-intensity cleaning of the lamps are cleaned in place with an integral wiper system.
	This problem may not be feasible unless the date is set back to 1995.  Little comparative work on the difference between low-pressure low-intensity and low-pressure high-intensity UV lamps has been published in the last 5-10 years.  Alternatively, the students could be asked to review the City of Ames and/or the URS Corporation et al. reports, given below, and comment briefly on how the UV disinfection option was assessed and/or faired against other disinfection technologies.
	PROBLEM12-26
	PROBLEM12-27
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	Solution
	Solution
	Solution
	Solution
	Solution
	Solution
	Solution
	PROBLEM  13-4






	Solution
	Solution
	Solution
	Solution
	Disadvantages




	Problem Analysis and/or Resolution
	Problem Analysis and/or Resolution
	Problem Analysis and/or Resolution
	Problem Analysis and/or Resolution
	Problem Analysis and/or Resolution
	Problem Analysis and/or Resolution
	PROBLEM 13-10
	PROBLEM 13-11







	M&E5 SM Chap. 14 FINAL REV
	PROBLEM 14-1
	PROBLEM 14-1
	PROBLEM 14-1
	PROBLEM 14-1
	PROBLEM 14-1
	PROBLEM 14-1
	PROBLEM 14-1






	PROBLEM 14-4
	PROBLEM 14-5
	Solution
	Solution
	Solution
	Solution
	Solution
	Solution
	PROBLEM 14-6






	Instructors Note:  This problem is intended to have the student consider the various factors, economic as well as non-economic, in developing alternative solutions and recommendations for a practical application.  In making a recommendation in actual practice, a number of conditions will have to be considered that are site specific and include cost and environmental factors.  Some of those conditions are cited under the solution below.  The instructor may want to add other factors or constraints to the problem.  Because a community size of 200,000 people was specified, the treatment plant is of medium size and a reasonable level of operating skills can be assumed in the analysis.
	Solution – for Data Set 1
	Solution – for Data Set 1
	Solution – for Data Set 1
	Solution – for Data Set 1
	Solution – for Data Set 1
	Computation procedure
	PROBLEM 14-8






	Solution – for Parameter series A
	Solution
	Solution
	Solution
	Solution
	Solution
	Solution
	PROBLEM 14-11






	Solution
	Solution
	Advantages
	Disadvantages
	Liquid biosolids transport
	Dewatered biosolids transport



	PROBLEM 14-13
	PROBLEM 14-13
	PROBLEM 14-13
	PROBLEM 14-13
	Limitations




	PROBLEM 14-14

	M&E5 SM Chap. 15 FNAL REV
	M&E5 SM Chap. 16 FINAL
	AIR EMISSIONS FROM WASTEWATERTREATMENT FACILITIES ANDTHEIR CONTROL
	AIR EMISSIONS FROM WASTEWATERTREATMENT FACILITIES ANDTHEIR CONTROL
	AIR EMISSIONS FROM WASTEWATERTREATMENT FACILITIES ANDTHEIR CONTROL
	AIR EMISSIONS FROM WASTEWATERTREATMENT FACILITIES ANDTHEIR CONTROL



	PROBLEM16-1
	Instructors Note: The total alkalinity required should be 14.68 instead of 10.87 mg/L as CaCO
	Solution
	PROBLEM16-2
	Solution
	PROBLEM16-3
	Solution
	PROBLEM16-4
	Solution
	PROBLEM16-5
	Solution
	PROBLEM16-6
	Solution
	PROBLEM16-7
	Instructors Note: The problem statement specified that average load by fuel oil is 35 percent.  For the convenience of using the data from AP42, however, it should be corrected to 5 percent (to be consistent with the basis of emission factors presented in AP42.  The emission factors in Table 16-15 have errors for SI units (US customary units are correct).  For the dual fuel engines, the emission factors for CO, NOx, and SO2 are 0.58, 1.16, and 0.0216S1+0.386S2, respectively.
	Because the emission factors presented in Table 16-15 are based on the fuel input, assumptions must be made for the average output and the efficiency of the engine.  In this solution, 38% efficiency for the reciprocating engine (electrical power output to fuel input).  For SO2, S1 is weight percent of sulfur in the fuel oil, and S2 is weight percent of sulfur in natural gas.  In this solution, 1.0 percent for fuel oil and 0.00077 percent for natural gas are assumed.  Instructor may provide these values, or students may be tasked to find out the typical values and state their assumptions.
	Alternatively, the original AP42 document may be used to find the emission factors based on the power output.
	Solution
	PROBLEM16-8
	Instructors Note: The reference to the example problem is to be corrected to Example 16-5.  The available digester gas is more than the natural gas use in the existing condition from Example 16-5.  The students may solve assuming only natural gas is replaced with the digester gas, or it can be assumed that the excess natural gas is used to generate electricity onsite, thereby reducing the purchase of electricity from the electrical grid.  Both scenarios are presented in this solution.
	Solution
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	ENERGY CONSIDERATIONS IN
	ENERGY CONSIDERATIONS IN
	ENERGY CONSIDERATIONS IN
	ENERGY CONSIDERATIONS IN
	WASTEWATER MANAGEMENT




	M&E5 SM Chap. 18 FINAL REV
	WASTEWATER MANAGEMENT:
	WASTEWATER MANAGEMENT:
	WASTEWATER MANAGEMENT:
	WASTEWATER MANAGEMENT:
	FUTURE CHALLENGES AND OPPORTUNITIES



	PROBLEM18-1
	Solution
	PROBLEM18-2
	Solution
	PROBLEM18-3
	Solution
	PROBLEM18-4
	Solution
	PROBLEM18-5
	Solution
	PROBLEM18-6
	Solution



