Draft Course Handout

ENCE 3323: INTRODUCTION TO ENVIRONMENTAL ENGINEERING (4 Cr. Hrs)
SPRING 2010

Scheduled Class Timings
Class: 4:30-7:15 PM, Tuesday (GEOL/PSYCH 2025; Change Requested To Engr. Bldg.)
Lab: 1:00-3:40 PM, TH (EN 510)
Office Hours: 2:00 — 4:00 PM Tuesdays (Tentative)

Instructor: B. Kura, Ph.D., P.E., 828 Engineering Building
bkura@uno.edu; Ph.: 504-280-6572

Teaching Assistant: Mr. Naveen Kumar Devata, 833 Engineering Building,
ndevata@uno.edu

Course Description:

ENCE 3323 INTRODUCTION TO ENVIRONMENTAL ENGINEERING — 4 cr

Topics include: water quality, water and wastewater treatment processes, air pollution control,
and solid and hazardous waste management. Laboratory provides hands-on analytical experience
with various pollution parameters. Three hours of lecture and three hours of lab.

Prerequisites:
CHEM 1018 (General Chemistry), credit or registration in ENCE 3318 (Principles of

Hydraulics) or credit or registration in both ENME 3720 (Fluid Mechanics) and ENME 3716
(Fluid Mechanics Lab) [Ref: 2003-2005 Online Catalog]

Course Objectives:
After successfully completing this course each student will be able to:
1. Calculate runoff quantities from catchment areas; estimate storage capacities required;
yield from confined and unconfined wells. [More in ENCE 3318: Principles of
Hydraulics, which is a required course]

2. Design water treatment units such as coagulation, softening, flocculation, sedimentation,
filtration, and disinfection. [More in ENCE 4323: Water and Wastewater Treatment,
which is a required course]

3. Forecast water quality within rivers and lakes with respect to dissolved oxygen and
others.

4. Design wastewater treatment units, both primary and secondary treatment units. [More in
ENCE 4323: Water and Wastewater Treatment, which is a required course]

5. Understand the sources of air pollution, health effects, and air quality regulations; design
important particulate collection devices.
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- Overview of Environmental Systems
» Hydrology

ENCE 3323: lnti‘oduction to s Water Supply & Treatrment
Environmental Enginecring = Water Quality Management
Chapter 1: Introduction w Wastewater Collection & Treatment

= Air Pollution
= Solid Waste Management

= Hazardous Waste Management

- Water Supply & Treatment
 Hydrolo . Water Supply |
: 1 main from reservoir to local reservoir
Hydrology: Helps in undemstanding the water ] Sl } :

. g ~ : u Pumpin
quantities (resources) requiutd for a 4 Sm‘:gc) aservoir sizng

i
community / i i
| I'reatmeryt avorks

|
|
[

= Raintall
# Runoff

= Storage capacities of irs s Disinfs

= Filiraty

= Groundwater and wel

Divide

Collection Works
CRumw vy

Transanission —
Wk
Trentment Works

(Filtration Blant) i
HE —_—_ Diartution

g ! Wik, Systam
cning Plan
o S Srorage
cinoval Plan
Cron K vl lanty Fiimabel
Collection Works .L‘_l_i- ¢ .

CWell Field)
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: i e Wastewater (WW) Collection and
Water Quality Management | eI :
b s} - Treatment
» Water pollutants, sources, impacts on water G
v . - ® Sewer network design (orav lows
quality, impact on water treatment, health of » Force mams : ;
consumers : 1 * Pumping stations

» Wasiewater fransport to smitable location for treatment

= Managing water quality in rivers . WW treatment

8T % » Charactenstics of w
= Aquatic life in water (fish) and oxygen Pollutants in doiest|
requirements v w
mdary treatment
| of end products (tréated WW and sludge)
4 : & STige sy < and treatment &
= Managing water quality in lakes 66 treatent |
we disposal -

Air Resources Management System

Sources
Effects on public hiealth and property | 2R [ ]
Regulations
Monitoring .
Meteorology and atmospheric dispersion of poltutants
Control for particulates
Control for gaseous pollutants
Management systems (software applications)
= For regulatory agencies (EPA. LDEQ, DOTD. Navy etc.)
] Auto makers, shipbuilders, tefineries,
chemical plants etc.)

[ r—
FGume -5 T

B LT

Solid Waste Management Solid Waste Management

Gieneration, quantities. characteristics

Storage

Collection
Transfer/transport
Processing and recovery

Disposal




Environmental Legislation and
Regulation

= Drinking water standards
= Water pollution control
= BPT - Best practical treatment
= BAT - Best available treatment
=« NPDES National pollutant disc
elimination system
= BCT - Best conventional treatment

# EPA’s priority pollutant list (Table 1-6/

Tutal Allowsd Enlasions = 200
ol Com = 520 Wiion " ¥4

100 Mg

With Bubbie

Toul Allowed Rriasians = 200 Mgl
Conirol Cost = §15 Millian

FIGURE [-7
Hiastzation of fmiblo camcopt,

Environmental Legislation and
Regulation (Hazardous Wastes)
h to HW management
Classification ( Toxicity, Reactivity, Corrosivity,

Flammability)

Cradle to grave (record keeping) system
Standards for HW TSDF owners
Enforcement of standards through a permit
pmgr&m

Authorization of statc programs Lo operate in lieu §
of the federal program ;
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Environmental Legislation and
Regulation (Air)

= New source performance standards (NSPS)
[1970]

» Title V — Comprehensive air permit system

» National ambient air quality standards
(NAAQS)

= Prevention of significant deterioration (PSD)
= For attainment areas: to prevent rapid air quality

degradation

Environmental Legislation and
 Regulation (Solid Waste)

~ w Promote the solid waste management and

resource recovery system

= Provide technical and financial assistance
» Promote national research and development

. program for improvements

= Provide guidelines for SW collection.
trahsport. separation. recovery. and disposal

= Provide training grants: design. operation. and
maintenance of SW disposal systems

Environmental Legislation and
Regulation (Hazardeus Wastes)
sed scope of A (1984)
Waste minimization
Banning of untreated waste from land disposal;
establishing treatment standards
New s: double finers, leachate collection.
2ro! r monitoring .
New requirements for small quantity generators
andards for undereround storage tanks

eria for MSW landfills and increase monitoring
requirements
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Mass Balance Approach to Solving
Environmental Engincering
Problems

= Conservation of mass

= Balance = Deposit - Withdrawl

s Accumulation = Input Output




Chapter 2; Materialsand E.nc'rgy Balances (Part: 1)

i
. Hydrologic Balance
“Rational Method” for Predicting Runoff
3. Volume of Retention Ponds & Reservoirs
4. Reactor Design

Water Treatment

Wastewater Ireatment

Air Pollution Control -
5. Oxygen Balance in Streams & Rivers
6. Waste Audits in Hazardous Waste

Accumulation = Input - Output
of mass _of mass  of mass

1/14/2010

Concept
Analogous to Balancing Checkbook
Balance = Deposit - Withdrawal

.

Deposit - Withdrawal - Balance = o

PROBLEM SOLVING APPROACH

A. Draw a Flowchart
1. Show Inputs, Qutputs, and Accumulation
2. Convert to Mass Units '
B. Mark System Boundaries

(Similar to Free Body Diagrams)
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Mass balance for water in the lake in this system can be simplified to:
Mass Out (Evaporation)

Mass in or Water in (river) _ Mass out or Water Out (river+ stream)
—_— —_

Mass in/Out or Water in fout (seepage to
and from Groundwater)

""Eka'r;{ple'Caiculationﬂof;Mass.'. e
a. Flow

b. .C.(.)mpounds in Water

Mass = (Concentration) (Volume)

Mass = (Flow) (Density) (Time) 1mg/Linim:

Mass = (1 mg/L) 1 a:_:‘i?) (1...000. L/m3) ;

Account for

" D. Verify That System “Closes” or Balances

‘o f : ke :

- Inputs input of mass-Accumulation of Mass — Output of
Mass =0 -

2. Outputs

3. Accumulations




“Rate” Means “Change With Respect
to Time” so, .

Rate of Rate of Rate of
Accumulation = Input - Output
ofmass  ofmass of mass

Problem Solving Approach

« Same as above but often requires selection of
“convenient” time interval

dM _ d(In) d(Oup)

dl - dT dT

1/14/2010

‘Examples of Convenient'
m3/d— convenient — 1day

L/s — convenient — 18

¢ Examples

1. Softening Water
a. Input —  Ca(HCO,)*
b. Reaction — CaCO,




a. Input

1/14/2010

IN THESE INSTANCES, THE PREVIOUS

b. Microorganisms Use O: — €O, EXPRESSION SHOWS ONLY THAT Ca{HCO:): OR

Rate of
Accumulation
of Mass

. ofMass  ofMass  formation

O: “DISAPPEARED"!

Rate of Rateof  Rateof

Input - Output £ Trans- - . |
- ke e Time Dependent Reactions are called

“Kinetic Reactions” . ;
. ““Stoichiometric | ns’ are those that
have achieved it '

dM d(n) d(Out)
dt  dt diiil



. Reaction rate is function of

r = f(Temperature, Pressure,
Reacting components or
Products)

1/14/2010



ENCE_ 3323: Introduction! to
Environmental Engineering

Chapter2: Materialsan
' Balances (Part: 2)

Exam,

mample 2-4.  The air pollution control equipment an a municipal waste incinerator
udes 2 fabric flter particle collector (known as a baghouse). The baghousc con-
424 cloth hags arranged in parallel, that is 1/424 of the flow goes through cach

The gas flow rate into and out of the ba_%honse is 47 m™s, and the concentration

les entering the baghouse is 15 /m”. In narmal operation the baghouse par-

ate discharge mees the regulatory limit of 24 mg/m®, During preventive mainte-

e TEIPhﬂﬂmcm of the bags, one bag is inadvertently not replaced, so only 423 bags
h place,

Caleulate the fraction of
femoval when all 424 pa

utrements. Estimate
4 tecalculate e ef;

the samic as

particulale matter removed and the cfficiency of particu-
gs aie in place and the emissions comply with the regula-
the mass emission rate when one of the bags is missing
ciency of the baghouse. Assume the chficiency for each individ-
the overall efficiency for the baghouse.

The mass balance diagram for the baghouse in normal operation is shown

Watethtthe fracton of peticulate mattcr emoved s e deciml equivalent of e 4
efficiency.

To determine the mass emission rate with one bag missing, we begin by drawing
amass balance diagram. Because one bag is nissing, a portion of the flow (1424 of

Oue) elfectively bypasses the haghouse The “Bypass” Ene around the haghonse is
drawn 10 show this

16,2 1ign’

AL, P
fQﬁEm]wnm
'

1/14/2010

Efficiency

o= 2mgm!
Cume7ain

Camtigm!
Go=orulh

In concentration and flow rate terms, the mass balance equation is
aM
7 = Calin = CouiOo
The mass rate of accumulation in the baghouse is
-"—r; = (15,000 mg/m")(47 m's) ~ (24 mghn")(47 ') = 703,872 myis
“The fraction of particulates removed is

T038T2mphs 2 1_0!,312 mg/s ~ 09984
(15,000 mgim )47 mgfs) 705,000 mgis

The efficiency of the baghouse is

_ 15000 mg/m® - 24 mghw’

r 15,000 mg/m®

= 99.84%

Note Uhat the fraction of particulate maner removed is the decimal equivalent of the
clficiency.

" (100%)

A judicious selection of the cantrol volume aids in the solution of this problem.
As shown in the diagram, a control volume around he overall haghouse and bypass
flow yields three unknowns: the mass flow rate out of the haghouse, the rate of mass
sccumulation in the baghouse hopper, and the mass fiow rale of the mixture. A con-
ol vol the b I the number of unknowns (o two:

Cm gnt
O~ i1t

o trow
B[R at

| AR

i i
Becaue we know th cfciency and e inflscnt massflow rae, we can salve e
+* -mass balasce cquation for the mass flow rate out of the filter,
= Colle ~ Coull
Cinli

Solving foc Cy\ Qo
Lt Conlos = (1 = M0y,
s = (1 = 0.9984)(15,000 mg/r’)(47 ANAYADA) = 1,125 mels




5 value can be used as a ingut for 2 control et
L volume around the junction of the
. the effluent from the baghouse and the fingl effluent

m
25 belance for e conirol wolunue around the junction may be writien as
7
= Gl o ypey + LN -

umil-naeminim

there :
: ® 15 10 accumulation in the junction

= Plug flow systenis -
= Nomixing of constit [itriants / elemicnts)
witiim thc '
= (Concentration is variable withimitlic system

» Gomplelely mixed systems
 w Constituents are well mixed
= Concentration of constituents, (pollutants./.
clemenis) 1n the cm arc identical

State of Mi (Contd..)

s Alserclated terms are
= SteadiState: d

s [nsteady £

and the mass balance equalion is
Conlom = CialQin trom bypass + CinCi irom baghowse
= (15,000 mgh’)47 m¥s}(1/424) + 1,125 = 2788 s

The concentration in the effluent is

Coulou _ ?.,TF.B mgls

[
The overall efficiency of the baghouse with the missing bog is
15,000 mghn’ - 59 mg/m’
PO L, L
15,000 mg/m

=9%.61%

The efficiency is stll very high but the control equipment doas not meet the allow-

able emission rate of 24 mg/m’. T is not likely that a baghouse would ever operate
wilh a missing bag because the unbalanced gas flows would be immedigiely appar-

= 59 mp/m’

ent. However, many small holes in a number of bags could yield an efluent that did

not meet the dischérge standards but would otherwise appear to be functioning cor-
rectly. To prevent this sitwation, the bags undergo periodic inspection and mainte-
nance and the effluent sieam is monitored continuously.

{a)Anulogy of 2 phpnw:mwmin.m»‘dng, when a pmive chaage i inflsent coaceiratice coury,

ationrate  (2-9)

of transfermaion,
O 1eLion rale {14, 15 I ppearanee of a s
slance or chers
’ it

(:1m
i

The resction rate i 0y 4 function of temperature, pressire, the reacting

. Bomponents and

Fedction Wi

ne s sien bel on rate, 4, indicates the di nee ef a substaee of
ical species

1/14/2010



irst Order Reactions

many environmental problems, for exanple the osidation of organic compounds
v decay (Chapter 11, The reaction

aatia 110y o

Solugion. W e

T wakss baliie e sgHAL tndy e WIS 13

Avruniub

Gewy vile

ASSUMING 314/ stine eondizions, ha is, e = O then

Tt e - decay rale

This vy T o s the

= tlan = &gV
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First Order Reactions
concensralion & anyumed
lid cons

eithins 0 hise ¢

= 2187 raised wthe -k power

diout)
p

¥ 2-16)

Sofving Tof €, W bave

sy et 18

and the ey vor

KON AT R 0000 A PRORE LT Y

M

15 compieredy i ed, we ssume

gy the assumiption taa th
o Thus,

AR LAy

Substiwting 0w th
BRI

Chapt e £ Cen

ok KNG LG N G

Salving 1o

bA8E) o
4R | AL

onpressed s

1210

ration and

where the Je
eane hika

win fored !
¢ Hera wystem, s, i of
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actors

s Redctonsi Tanks in whic

cal. chemicall
and biog

) o y = liypes: diwo. Bateh and Contintous
Ths, for examph, B = 1 2

= [Batch Reactors:
= lill-and-draw type .
» Materials added, mixed, allowed to)
reaction to occur, and then drairic

= Material flows 1n and out ofithetank on a
conlinuous, uniierrupted, basis

Fon bt s s

o Fation 228 sy e sirgeifesd 0

: s

CMFER / CSTR

Suiss
A schietistic

T U




e that
i Linte
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H
i
£

The final concentration plof is shuwn 1a Fig .
the sign n kquation 228 i positive, the concentration platis shown i Fgure 2.7

HBEC b 1

Reacto; All‘ll‘ sis- CMFE R

whars M

o vop chiae
fioe stanLow

Acters e renmeve 'm.la,s anid exang lank 3 Ji i k) for
water treatment. Because mnc 5 vary over the tourse of a
dev, a CMER {calied an eqwadezation bavin) may he ..rim the ureatrment plant in-

mudvl‘.d s 0 CMER us an approsinuion of !' Al mixing that is Laking place.

Reactor: Analysis - CMF_R'

--'!mlshe ph. precipitation re-

Tow and cnnrmlra ion changes. Some natural sysiems
1 TORTE 07 OVET L CILY MLty he

For a step increase in 4 conservative substance entering 3 CMER. the inivial level
) Aty = 0, the nfluent

Reactor Analysis - CMFR

£

SN The sanal coreces s

iy T 7T U e b
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EAVFRT A1 PRI

The regaiied time is found by solving
14 me

S . . .
e flow 0 mginy

e s 1 v fung wail i rake 1o kewer the hydiogen sui- i
el alevel hat will dllow the o enter? Assume the manhole be-
“; CMER and it hydsngen o s minreactive B the e period

04828 = esp|

Base ¢ of both o

nnant from 2 CMER, The

Beau

orheze S b cormsonly Townd i comined spaces
soch as manholes. 1 is 3 very s puibsan and has the snforunaie propery

et
2 the clfuctory o Thus, vou n

b Few moments even
though the ecoscentation has non decressed, Each year a fow individuabs wm the Ui
States die beemse they « tsstened

tgent su
preciuticns,
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.= The global systemithat supplies and
removes water from the earth’s surface

= Three things to know;

"ENCE‘"3323:. Introduction to.

Environmental Engineering |
: — Evaporation (-)

Chapter 3: Hydrology:(Part:1) — Transpiration (-)
I — | Precipitationi(+)

Wa Cycle

= Stream receives water: from two main sources

ipitation forms (raln sleet, ha|! OF SNow) By i G
— Precipitation factors (extent/area covered, duration, and el IO from dr=slgiiles
intensity) — Groundwater exfiltration (reverse of infiltration)
Things that happen after preci;)ita[ion: = This is also known as base flow / dry weather flow
— Evaporation = Occurs as a result of seepage of groundwater out of stream
— Infiltration (in to the ground) s
lrﬂerceptson (by leaves, grass, and other objects) = Amount of water in a stream depends on:

Abstra "'(Evapcratlon mflltratloﬂ interception,
“and trapping) — four factors that reduce direct

runoff
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aquifer. Manometer “b" is analogous 10 a confined aquifer.
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rface-connecting the piezometric

wells
= Aquifer — The geological formation tha? bears

water
= Unconfined (Water is not under pressure)

— Confined/ Artesian (Water is under, pressure)
Perched (Situated abovethe waiertable; water is not

under Pressire
duitards
per’meabll y} < Aqurfers (permeable)

/l/ Water Table Well
M

Vadose Zone

oy Fovge

i Unconfined Aquifer
bl (Sawrated)

1
1

///;/ /://////// h!wmeabkh}:.//

FIGURE 2-3b
Detsil of the unconfined aquifer.
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Water Table Well

Z Confined i
Unconfined Aquifer J":e ann Aquifer

Artesian Well

Parched Aquifer i : i b
_ = Precipitation (mm); Rate (mm/hr)
= Evaporation (mm); Rate (mm/hr)
= Transpiration (mm); Rate (mm/hr)
= Stream speed (m/s) and streamflow (m®/d)
= Volume (m?)

= Rate of accumulationi= Rate of input — Rate
- of out put

dS/dt = d(In)/dt - d(Out)/dt (Eq. 2.2)

Water density.

Precipitation

- Storage

- Runoff:
valerinfifteat

Transpiratio
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FIGURE 2.5
€a) Schematic diagram of  hydrologic sabsystem: (h) mass balance disgrarn of hydrologic subsystcr,

E = —e.).(a+bu) (Eq. 2.5)
Where:
E - evaporation rate, mm/d
saturation vapor pressare, kPa
vapor pressures:in overlaying air, kPa
itical constant. . .
/5 '

Noting hat April has 30 days and making the appropriate units conversions:
650,000 m* = (1.5 m'/s)(30 d)(86,400 8/d)
+(7.62 cm)(70.8 ha)(10* m¥a) [m/ 100 cm)
= (125 mVfs)30 d)(B6,400 s/d) - E
Solving for £:
£=389% 100 m' +539% 10’ - 324 10° m* - 650 % 10° "
E=3539%xi0m
For an area of 70.8 ha, the evaporation depth is:

5.30 % 10*

= o SRS | 16¢m
0.8 ha)(10* m?/ha Lamst

1/14/2010

= Hofton's Equatio
- SRS e g 20)

infiltration rate, mmih

equilibrium or final infiltration rate
initial infiltration rate, mmih
empirical constant, 1/

time, h

Example 2-1. Silk’s Lake has a surface area of 70.8 ha. For the month of April the
inflow was 1.5 m%/s. The dam regulated the outflow (discharge) from Silk’s Lake ta
be 1.25 m'/s. If the precipitation recorded for the month was 7.62 cm and the storage
volume increased by an estimated 650,000 m®, what is the estimated evaporation in
m? and cin? Assume that no water infiltrates out of the bottom of Silk's Lake.

Solution. Begin by drawing the mass-balance diagram:

‘ P=76lem

The mass-balance equation is:
Accumulation = Input — Output

The accumulation is given as 650,000 m', The input consists of the inflow and the pre- & A
cipitation. The product of the precipitation depth and the area on which it fell (70.8 ha)
will vield a volume. The putnut eonsists af outflaw plus evanoration,

Example 2-2. During April, the wind speed over Silk’s Lake was estimated

4.0 m/s. The air teinperature averaged 20 °C and the relative humidity was 30%. The
‘water temperature averaged 10 °C. Estimate the evaporation rate using the empirical
relationship in Equation 2-6.

Solution. From the water temperature and Table 2-1, the saluration vapor pressure
is estimated as e, = 1.227 kPa. The vapor pressure in the air may be estimated as the
product of the relative humidity and the saturation vapor pressure at the air temperature:

¢y = (2.337 kPa)(0.30) = 0.70 kPa
The duily evaporation rate is then estimated to be:

E = 1.22(1.227 — 0.70)4.0 m/s) = 2.57 mm/d
The monthly evaporation would then be estimated to be:

E = (2.56 mm/d)}30d) = 76.8 mm or 7.7 cin
sy .

TABLE 2-1
Water vapor pressures at various
temperatures

Tempersture,"C  Vapor pressure. kPa
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= Three important factors:

vaportranspiration
— Space (aerial extent)

" Waterloss from plants (tanspiration) + loss from
the soil surface or root zone — Intensity
= Factors that have influence: — Duration

— Soil moisture — Freguency
— Soil type ] Pomt precipitation analysis — refersito single rain

. Spatial analysie = rultiple
Temperature involves more complex methods of analysis

= \Weighing Bucket (Continuous strip chart
records the rainfall)
= Tipping Bucket (cup tips for every 0.25 mm
ecipitation):

- RAINFALL ANALYSIS

IDF curves are essential for rational desianing of
storm drainage system.
= Avg. return period of a storm or avg. recurrence

interval in yrs (T) = 1/Annual Avg. Probability

FIGURE 2T - Welbuﬂs formula for Storm Return Period (T)
i e . = (nH)im
cpmmi:amfﬂ;mfwmﬂ“! ] Where, T — average return period in years
bure s he 0 A i e 1~ nunier.of years onyECera
11— rank of storm, With most intense storm
given a rank of 1




e g v
Rainfall record for the Dismal Swamp (1 Oct. 1923-30 Sep. 1968)

Number of storms of stated intensity or more

Intensity (mavh)

1000 1200 1400 160.0

uo® 16
615 7
B 6 3

FEE B

1

Thus, the 9.2-ranked storm is 4.89 mmvh less than 160.0 mmv/h:
160.0 — 4.89 = 155.11 or [55.1 mnvh
The completed table would appear as follows:

Iniensity and duration values for a
five-year storm at Dismal Swamp

Puration (min) Intensity (mm/}

155.1
134.5
n47

827

BLEEBG5w

Note that o similar-table conld be consirucicd for each intencity riven in Tahle

Exsmple 2-3. Prepare a able of plotiing points for n IDF curve for a S-year storm st
the Dismal Swamp. Compule points for each duration given in Table 2-2.

5 Solution. Since Table 2-2 is a table of ranks, we need 1o determine the rank of the
S-year worm. First, we reamange Weibull's formuta:

m_nd-l
T

ho= 1968 — 1923 = 45 y
T=35y
ma 02

Starting with the S-minute duration. we note that the 9.2-ranked storm lies be.
tween the 16th- and Tih-ranked storm; that is,

Intensity (mmvh)

140.0

L We also note that the ranks increase from right to left while the intensities increase from

el o right. Keeping this in mind, and recalling that we assume a linear relationship
between intensity and rank, we may interpolate hy simple proportions:

%27 1600 - 140.0) = 4,89

T T
20 o 40

Duration (min|

. FIGURE 2-3

Intensity-duration-frequency curves for the Dismal Swamp.

1/14/2010



RAINFALL ANA S!S

= IDFE curves are essential for rational designing of

ENCE 3323: Introduction to £ storm drainage system
; : 1 = Avg. return period of a storm or avg. recurrence
Environmental Engineea‘lng interval in yrs (T) = 1/Annual Avg. Probability
= Weij buu s formula for Storm Return Period (T)
Chapter 3: Hydrology«(Part:2) = (n+1)m
; \Where, T—average return perodinyears
: ni= nliBerefiears on record
m — rank of storm, with mostintense storm
given a rank of 1

Example 23, Prepare a table of plotting points for an IDF curve for a 5-year storm at
1 : the Dismal Swamp. Compute poinis for each duration given in Table 2-2.
| TABLE 2 L Solution. Since Table 2-2 is a lable of ranks, we need to deterine the rank of the
Rainfall record for the Dismal Swamp (1 Oct. 1923-30 Sep. 1968) i  S-year siorm. First, we rearrange Weibull's formuta:

Number of storms of stated intensity or more

Intensity (mmh) n o= 1968 - 1923 = 45 y
1000 MO0 1600 1800 2000 T3y

us matf gz
o 5
18 Starting with the S-minute duration. we note that the 9.2-ranked storm lies be-
: tween the 16th- and Tth-ranked storm; that s,
2

(We alea note that the ranks increase from right to left while the intensities increase from
left to right. Keeping this in mind, aad recalling that we assume a linear relationship
between intensity and rank, we may interpolate by simple proportions:

2271600 - 140.0) = 489

Thus. the 9.2-ranked siorm is 4,89 mmvh less than 160.0 mavh:
160.0 - 4.89 = 155.11 or 155.1 mm/A
The completed twble would appeur as follows:

Intensity and duration values for s
five-year storm at Dismal Swamp

) ty )
55,0
1345
naz

385853

Note that a similartable could be consiruciod for sach intensity piven in Tahle

Duration (min]

Intensity-duration-frequency curves for the Dismal Swamp.




Three Factors of Importance:
£ What portion of the rain reaches a storm
sewer or a stream?
= How long does it take to reach?.
= How often does the runoff causes a flood?

I = Hydrograph.Definition

— A graphical representation of the discharge of a stream
at a single gauging station (Fig. 2-13)

= Base flow in a hydrograph is due to exfiltration of

¥ Time lag (time from the midpoint of rainfall
excess to the peak discharge of DRH) and
the shape of DRH depends on:
— Precipitation pattern
= Characteristics of the basin/watershed (size,
el Sterageicapaciy)

e to'Peak: Time between the beginning

of the storm to the peak on a hydrograph

_ St gest _
Height-efiwater surface above a reference
datumis typically measured

= Manual - Elevation (stage) readings are
calibrated to give stream flows(discharge)

ic = Float and'cable system drives a

1.0 cin Excess Rainfall
1,=Time Lng

Time of Concentration

T Infleetion Point

Jo- t, =4
Time 15 Penk

Base Flow

FIGURFE 2-13
An idcalized hydragraph showing a uniform base Aow and a superimposed direct
runolf hydrograph resutting from 1O em of rainfall excess.

hydrologically farthest point i the drainage
area to reach the gauge or observation '
station

flow

12



RU OFF ANA YSIS = RUNOEFE ANALYSIS

= Uit i—iydfograph (UH) / Definition eem UH Constructlon Four Step Process

— UH is 2 DRH that results from a “unit precipitation — Hydrograph separation (Base flow from direct
excess’ (say 1 cm) over a watershed for a unit pericd of f)
time. ? . — Estimation of the volume of water. that.occurs,as

= Application of UH direct runoff
— Using average UH, onecanestimate the DRH for any — Calculate the storm depth of runoff (volume /
stherrajnfallexcess over the same unittime by e 8 Watelshed area) :
= Dividetherordinates of 'RH- (m®/s) by, 1i1e storm
Wethod Limitation I depth (cm).to obtain the ordinates of UH (m®/s.

— Applicable to watersheds between 3000 — 4000 square cm)
kilometers in area

; i 4 the height of the direct runoff (DRH) ordinate. The direct runoff ordinate is simply the
Example 2-4. Detcrmine the unit hydrograph ordinates for the Tnangig River hydra- difference between the total ordinate amdd the base ordinate. In this particular insiance
graph shown in Figure 2-14. The arca of the watershed is 16.2 square kilometers. i the hase ordinate is, by observation, 2.0 m*/s for all time periods. Using a convenient

i * lime interval of | hour, the following abular computations arc used lo numecrically
j.m.rfn"_ The lirsl step is 1w delermine the depth of the storm precipitation spread . integrate the area under the curve:
over J. The depth is equivalent to the volume of water divided by the |
i equal 10 the nrea under the hydrograph. Because of the rather

e The m,'r':;_',’:n:h ; h. it would be easy to find the arca from Time Total Pase DRE T alume
|I|e principles of geometry. However. in the interest of developing a technique that w;: Interval (h) ordinate (mv'/s) ordinate (m?/s)  ordinate (m?/s) ncrement (m*)
also be apy o anore hs, we u:in i 3 lpt‘ei;‘rme_ [l # i
arcu under the curve. We da this by tking a slice or o and plying it by

== Unir Duration
i Excess Precipitation
-

The volume increment is calculated ns follows: First, the difference between the (otal
ordinaic and the base ordinate is found for the ime increment selected. In the first row,
for the time perivd froim 10 AM to 11 AM the total ordinate is read from the hydrograph
(Figure 2-14) as 2.5 m*/s:

Total ordinale — Base ordinale = DRH ordinate

25mYs - 20m's =  USmYs

O T TG Tamn 1300 e 1300 1eea 1T0 1800 1900 090 To find the area (volume) represented by this slice, the fow rate is multiplicd by the
Time of Duy. b time interval selected (1 h) with appropriate units conversions:

FIGURE 2.14 &
Triungle River hydrograph. (0.5 m¥/s)(1 h)(3.600 s/h) = 1,800 m®

This process is continued for ol the slices shown in Figure 2-14. The total volume (area . Trangta Hiver aneric
under the curve) is estimated us 32,400 m?, We can verify (his by using the geametry A b T e
of the triangle: ;

1030 0.3 2.

112(base)height) = (0.5K6 hX5.0 m¥s — 2.0 m%/s)(3,600 s/h) = 32,400 m*

33
2.3
2
7.
2

Since we wish @ unit hydrograph, we need whether or not this
storm produced 1.0 con of rainfall excess over the watcrshed. If it did, then we may use
the ordinates directly. Tf not, then we must adjust the ordinates so that they would be
equivalent to that produced by a 1.0 cm rainfall excess. We can determine whether or
ot this storm produced 1.0 ¢m w dividing the volume of rainfall by the area of the _m®
watershed (given as 16.2 km?) apoem)

32,400 m*
6.3 kmiKT % 10F mikm?) ® 100 em/m = .20 ¢cm

Itis obvivus that the storm is too small and, hence, the ordinates are 100 small. By divid-
ing the ordinates by the storin depth, we can synthesize ordinales for 2 unit hydrograph.
For cxampic. for the first DRH ordinate:
| Time DRI Volume
DRH ordinate 0.5 m/s o interval th)  ordinate (m"%s)  increment (n'}
e TR =25m's-cm i
Storm depth 0.2cm 10-11
1-12
This ordinate would be located al the center of the slice that was used to establish it, [ 12-13
e.. halfway between 1000 and 1100 hours (see the arrows in Figure 2-14), i.e., 1030, : 1314
For a generic hydrograph starting at a time equal 10 zero, the plotting paint would be V415
0.5 h. The remaining unit hydrograph ardinates are tabulated below, 1518

i The unit “m'/s - e is rend us

1-m- means if we wltiply s Ul ordinate by the em of excess rainfall, we will get units
/s for the ardinate.

can check our Jogic by calculaiing the area under a similar triangle using
these new ordinates.




Reraleylating our storm depih

162,000 m?
{‘-——_'lﬁ.ﬁhn—')gl W i) X 100 cm/m = 1.00cm

The unit hydrograph may be applied 1o sequence of storms that have the same i I
unit duration. There are two fundamental assumptions in the technique, The first A ROLoeEEn Bl S & ) ket

is that storms of the same unit duration have ordinates that are in proportion to the

unit hydrograph ordinates. Thus, simple ratios can account for difTerences in runaff : r i

e, Thesond ;;mm tatasequene o o may beaprosiateby = Figure 2.15 shows three seguential storms
superimposing one hydrograph over another {with appropriate time Jag) and addi uration

the ordinates (ogether. This is iflustrated in the nest cxﬂplc. * " s -ihai izvee.eame dl O

Example 2-5, Uising the hycto,

et o i id the unit hydrograph ordinates The time interval is simply an enumeration of the sgmﬂms‘ For the first hour, from the

eraph
the DRH a runoff. e hyetograph in Figure 2-15, the rainfall excess is 0.5 em. For the second and third hours,
e e S i b T e oo ORI o e o g
i i . The column refers
the rainfall excess (0.5 ¢m) occurring in the first hour. Likewise, the DRH 2 refers to
- ~  ihe ordinales resulting from the 2,0-cm rainfall excess in the second hour.
e DRH ordinates - The first set of ordinates is obtained by multiplying the rainfall excess by each
excess (rm) runaff (m'/s) = of the UH ordinates, that is:

20
'!‘:3 . 2 : 3,73 + Using the UH ordinates from Example 2-4:

ﬁfﬁ 125 1 5 ; ! (0.5 cm)(25 mlls - cm) = 125 ms
0.0 ? o 2 (0.5 cm)(7.5 m¥s cm) = 3.75mYs
(0.5cm)t125m'fs - em) = 625 m'/s
0.5cm)(12.5m'ls+em) = 625 m'fs
(0.5 cm)(7.5 mYs - em) = 1.75 mVs
(0.5 cm)(25 m's-em) = (.25 mYs

.5 .2 N, .2 (Rainfall excess)(UH Ordinate) = DRH ordinate

2

The values for the sccond DRH start an hour later. Thus, under the column DRH 2,
the first row is not applicable (N/A) since the rain that falls in the second hour (time
interval 2) cannot reach the stream in the first hour. Likewise, under the column DRH 3,
the first and second rows are N/A because rain that falls in the third hour cannot reach
the stream in the first or second hour.

Rainfall Excess (e}

FIGURE 2-15
ph for Tri

The DRH ordinates for the second hour of rainfall excess are obtained in the i
same f.uhic]n as those for the first, that is by multiplying the rainfall excess by cach of : 5 " -
the UH ordinates: | You should note that the tble is carried beyond the last rainfall peciod in the hyetograph |
(2.0 em)2.5 M5 - em) = 5.0 mYs : until all n_rme ordinales are used since it takes some finite length of time for the last
(2.0 cm)(7.5 wfs - cm) = 15.0 m¥s drop.of sainfall pxcess. (o reach the stroem. )
3 3 The compound runofT is the sum of the DRH ordinates for each of the time in-
2.0ecm)12.5 m*/s - cm) = 250 m'/s tervals. For ex le:
(2.0 em)12.5 mYs - cm) = 25.0 m/s : AmoRR J
(2.0 cmM7.5 m/s - om) = 15.0 m'ss v 1.25 + N/A + N/A = 1.25
N : 375+50+N/A =875
625+ 150425 = 2375

the storms, their superposition, and the resulting compound hydrograph are shown in
Figure 2-16,

FIGURE 1-16
Compound runoff hydrograph for Triangle River. Noie: Base flow is sot shown.




ENCE 3323: Introduction to
Environmental Engineering

Chapter 3; Hydrology: (Part: 3)

RUNOFFE ANALYSIS
N

wmmh

FIGURE 2-17
The application of the hydrologic equation to a parking lot having area = A.

Storage _ Volumeof Precipitation _VolumeofRunoff’
UnitofTime UnitofTime UnitofTime

Rt 9

=" (2-10)

Why is it called
Rational Method?

= |n “English Units”
system, the
relationship does not
require any conversion
factor:

Constant




RUNOEE ANALYSIS

= I'mpor’(ant assumpt:on in Rational MethOd hydraulically most remote part of the drainage area to
~ The average rainfall intensity used in Rational the watershed outlet (o the point of flow observation)

Method (Eq. 2-12) has continued for.a.period — Or, time required for steady state to be achieved

long enough to establish direct'rinoffand that g‘ofl‘_]“ dﬁ;‘gg;g glzgé“eters basin geometiysslijace

the rainfall has continued long enough to equal

Srexceed 't - : ag time. i [efeligie e f =gzl
d e S5 1 J ; point of.observation

Thfilie [el]ple] parameters basin geomety, sliface
conditions, slope

1.0 can Excess Rainfall
1,= Tima Lag

Time of Cuncentration

T Infiection Pint

e 1, >4
Time 10 Peak

Base Flow

T T T
Time

FIGURE 2-1}
An idcalized hydrograph showing a uniform hase Aow and 1 superimpaosed direct
gunolf hydrograph resulting fiom 1.0 cm of rainfoll exvess.

TARLE23
~ Selected runofT coefficients

Description of area or Runoff Description of area or Runofl
character of surface coeflicient character of surface coeflficient

Husiess Railenad yard 0.20100.35
lellwln 07010095 Unimproved Q100 0.30
0500070 Pavement
Asphaltic and concrete 0.70 to 0.95
03010 0.50 Brick 0.70to 0.85
0.40 1o 0.60 Roaofs 07510095
06010075 Lawns, sandy soil
025 10 0.40 Flat. 2 percent 00510 0.10
0.50100.30 Average, 210 7 percent 01010 0.15
Steep, T percent 01510 0.20
05010080  Lawns, heavy soil
¢ 0.60 10 0.90 Flat, 2 percent 01310 0.17
a - | 01010 0.25 Average, 2 to 7 percent 0.18100.22
i rtion, min 0.2010 0.35 Steep, 7 percent 02510035
il 5

Susrce: Joint Cammittee of the American Socisty of Civil Engincers and the Waier Poluiion Con-
ol Federation, Design and Construction of Sanitary ond Srorm Sewers, p. 1. See Note 6, tupra,




Example 2., Esimai 1, forhe BLAHS 6-ercenslope lawn i Exanple 26, As 1
sume that the overland fow distance was 300.0 m, .

« \Which storm shouldibe used for. designi?
Solntion, From Example 2-6 we use the same value of C, namely 0.20. Thus, ~ - oOyearstorm

— 100 year storm
Cost-benefit-analysis should be employed
Storm sewer design (Typical)
e 08 = 1797 0r 3.0 min — Residential area - 2to 15'years
182 Sl — Commercialarea - 10/to,50 years:
e : \Warious other factors should'be considered as
appropriate

_ LB(L1-0.20) /(3.28X3000)
T e
V60

STORAGE OF RESERVOERS

* — Designed to withstand maximum probable flood
= ntermediate-sized reservoirs (1x10%m? to
6x107 m®)
— Designed to withstand most severe storm
= Minor reservoars (< 1x108° m3)

Benefits: Mydroelectric powerimrigation,
water supply, navigation, etc.

Example 2-10. Using the data in Table 2-4, deiermine the storage required to meet a

demand of 2.0 m¥/s for the period from August 1976 through December 1978,

Satution. The computations are summarized in Uhc table below.

Quish Gl A5
arw) (e 00 100 mh)

5357
51k
5357
5.18¢
5357

The data in the first and second columns of the able were extracted from Ta-
m“fhgmmmn is the product of the second column and the time inicrval for
the awnth, For example, for August (11 d) and Scpiember (30 d), 1976:
(1,70 s} 1 dX86.400 /d) = 4,553,280 m®
(1.56 m*fs}30 dKB6.400 3/d) ~ 4,043,520 m*
'nwfwm- column is the demand given in the problem staiement.

eolumlill!lpmdu:lﬁﬂhsd:mnd and the time interval for the month.
8 For elwale, for August and Sepiember 19°

(2.0 m'is){31 d)R6,400 s/d) = 5,356,800 m?

(2.0 m'/3)(30 d}86,400 ¥/d) = 5,184,000 m*

The sixth column (AS) is the difference between the third and fifth columns. For
example, for August and Sepiember 1976:

4,553,280 m’ - 5,356,800 m* = -803.520 m*
4,043,520 ra? — 5,184,000 m® = — 1,140,480 m’




“The last column (CZ(AS5)) is the sum of the kst value in that column and the value
the sixth column. For August 1976, it is = 803,520 m® since this is the first value,
For Seprember 1976, it is

(ALY 4100w - 30400 e ¢ = #people served|by surface water

The following logic is used in interpreting the table, From Aupust : ; ¢

cember Iu'm.lhdm-nde:cm‘knuh":‘:‘n:l‘mwmhpm‘fmrd‘.h%?:‘nrl- people Sewed by groundwater
mum storage required for this interval Is 3,122 x 10% m". In January 1977, the swrage £

(85) exceeds the deficit (3°(A5)) from December 1976, If we view the deficit ns the

valume of water in a virtual reservoir with g total capacity of 3.122 % 10° m!, then

In December 1976, the valume of water in the teservoir is 1.041 3 10 m" (3 122 x

kit 200y ey 1977w cse e dmind and e et : = # communities served by groundwater =12
Hroagh fne 1971 g e aing i . oo e x # communities served by surface water

From Jaly 1977 through February 1978, the demand exceeds the Inflow, and
maximum storage requiced is 7.651 % 10° m’. Note that the

slarage was not sufficient to fill the reservoir
deficit. The siorage was sufficient to fill the reservoir deficit in March 1978,
You should note that i i
1ype programs.

TABLE 2-8 .
People served by g and surf: Ler sy
Groundwater systems Surface-water systems

Size
{number Number Number Nu;h:r Nll:thef
of people of
served) systems. people
25-100 1.160 65.000
101-500 % 2261 657,000
o - Lu1 S2.000 = Well Covers and Seals
1,001-3,300 4.924,000 '
3.301-10,000 769, 10,262,000
15,117,000
15.945.000
9.900,000

6,552,000
38,437,000

27 1,395,000

13 27,244,000

= Disinfection of Wells

Active community water gystems a¢ of August 31 1993 (Sowrce: Federal Data Repaning System)

Warer-Benring ;,
are1-Rearing Sand or Gravel e i Bt
' FIGURE 2.23
FIGURE 3.22 Sanitary cansideratinns in well construction.
Pumphouse. [Source: U.S, Enviroomental Protection Agency, Manual of individual 23
Worer Sratema, (Publ 10-9-73 003) Washinston DC:

pply.

lication No. E




= Drawdown
= Radius'ofiinfluence
= Pumping costs
— Aquifer composition (clay, coarse sand; gravel)
— Water table (deep and shallow)
Spaci g Of Wells (closerandfarther)

: o . ﬂﬁuormmmwunf&m i Protec-
i . (Source: US, Eny
i tion Agency. llmldtﬂnd’.ivldaf“ﬁrré‘wfy&wﬁm. See ;Flo;":;in::liuu

Suatic Water Tahle

Cone created by pumping
Wells A and B

!
FIGURE 2-25
FIGURF. 2-26

Elfect of aquifer matersl on cane of depression. (Source: US. Enviroamental Prlertion ] ) -
2, Eficet of averlapping cones nf depression. (Sourve: U.S. Envirnmental Protection
Agency, Manial of Individual Water Supply Systeins. See Note 20, supra.) Agency. Mannal of Individual Weder Supply Systems. Sce Note 20, supea.)

A

= Specific Yield; % water that is free to drain under the
influence of gravity. Units = No units
— What holds water inside aquifer? (surface tension; molecular;
attraction)

FIGURE 227

Specific yield. (Sowrce: Johnson Division, UOP.

Specille Yield < Yohume Water Graumd Woter and Wells, St Paul, MN: Johnson
Volorme Sl Division, UOP, 1975, Reprinted by permission.]




- = Hydraulic Gradient; The slope of the
piezometric surface

= Change in head / horizontal distance

felg

FIGURE 2-28
Geometry for definition of head and hydraulic gradient.

Example 2-11. For the wells shown in plan view below, determine the direction of |
" fow and the hydraulic gradienL The total head is given for each well as follows:

Well A = 104 m
Well B =(f0m 7
Well C =99 .n -y

c

The distance r must be determined in order ta calculate the hydiaulic gradient. From
the plan view, we may note thet the wells form a right iriangle with legs of 400 m and EEEE
50 m. The angle & may be computed as:

Solurion. ‘The stepwise graphical solution procedure s shawn belaw.

Siep |

A <
Head g4 Distance « 100
100m

o m
100 m

<—— Head Equal to

tan~'(a) = %

and & = $1.34°
The distance rig

r = (400)sina = 400sin5).34 = 31235 m
The hydraulic gradient is then:

i 3 104 m-100m
Hydraulic gradient = e 0

Note that the hydraulic gradient has na units.

= 000128

well ©

Conductivity:: Property of'an
aquifer-thatis a measure of its ability to
transmit water under a sloping piezometric
surface

= Also, the discharge that OCCUrS through a

K= discharge that ocous through |
T = discharge that occurs through "t 67031 section | m square
unlt width snd aquifer height D
FIGURE 1-29

ivity (7). (Source:
Johnton Division. UOP, Ground Warer and Wells, Reprinted by permission.
note for Figure 2.26, supra.) o s - St




ransmissibility’ (1); A measure of the rate

t whichiwater will flow through a unit width
of aquifer extending through its full saturated
thickness under a unit hydraulic.gradient

tS—m2/s: £ : i

: 3 . 4 t i 3 &= dipcharge that ocours through

i i T = discharge that occun through "I €708 section | m aquare.

wnlt widih snd aquifes height D
MIGURE 329
hydraul (7). (Source:
hmﬂmuwcwmmmw pecm chetid
‘wote for Pigure 2-26, sopra) by pacmitsion. See

Darcy's Equation

‘Darcy's Equation (2-25) has been solved for
steadyrand non-steady (transient) flows.

Assumptions:
— Pumping at constant rate
— Flow towards the well is radial and uniform

Initially piezometric surface is hiorizontal
ell penetrates the entire depth of aquifer

Aduiferis homogeneous and IS of; ife length
\Weter geed from aguiter i immediate response to
adropin he piezometric surface

wnd aymbals for wma well i (a) confined .\-lkl‘::‘d;r:plnm ”,;:

.Iﬂ" {Source: H.
Reprinaed by permizion.)




Example 212, An artesian aquifer 10.0 m thick with a piezometric surface 40.0 m
above the bottom canfining layer is being pumped by a fully penetrating well. The
aquifer is a medium sand with & hydraulic conductivity of 150 X 10~* més. Steady
state deawdowns of 5.00 m and 1.00 m are nhserved sl two nanpumping wells located
¢ 200 m and 200.0 m, respectively, from the pumped well. Determine the discharge at
the pumped well,

Solution. First we determine hy and Iiy:
by =400-500=150 m
b= 400- 100 =390 m

= Q, discharge, m°/s
= T — transmissibility, m®/s (K x D)
L hlckne 1) quef s : e 5 @150 % 10-X10.0039.0 - 35.0)

EId J : ¢ 0 (200720)
above the bottorn of aqun’er m 0 = 00164010016 ks

= 1, I, — radii of influence, m

ample 2-13. A 0.50 m diameter well fully penetrates an unconfined aguifer which
i5.30.0 m thick. The deavedown i the pumped well is 10.0 m and the hydravlic con-
ductivity of the gravel aquifer is 6.4 % 10" mis. If the flow is steady and the discharge
i50.014 m"/, determine the drawdown at a site 100.0 m from the well.

. Solution, Finst we caleulate Ity

ki =300-100=200m
Then we apply Equation 2:27 and solve for hy. Note that 7 = D.50m/2 =

0.25m.

_ w64 x 1070 - (20.0))
00M = e s
13— 400.0 = (0014X5.99)

= Q, discharge, m®/s w6 x 101
hy = (417 + 400.0)?

= T — transmissibility, m3/s (K x D) ; "y by = 2010 m
rawdown is then

thickness of aguifer, m e 52 = H = hy = 30.0 - 20.1

above the bottom of aquifer, m
ry, I» — radii of influence, m

Example I the storage coeffic
2,63 % 10-Y m¥ss. caleulate the drawdown that will result st the end of 100 dm M
pumping 8 0.61 -m-diametcr well 2t a rate uf 2.21 % 10°2 ms, -

Solation, Begin by compuiing u. The radius is
-%0m o m

(0305 m)’(l?l““ 10 - _1o
“ " ST T0 T meTI00 K640 U ot
The factor of 86,400 i fo conver days o seconds.
From table of W () versus u find that at 2.8 X 10°'™, Wiw) = 21.4190.
Compute
221 % io T ms
AT R

= 1433 or 14 m




= No reliable solu

on has been developed so

| Fxample 1-15. Delermine the trunsmissibility and stornge coe Mcient for the Watapi-

tae Wells based on the pumping test data plotted in Figure 2-31.
Svlution. Using Figure 2-31 we find 5; = 049 mat r, = L0 min and al 13 = 100
min we find 53 = 1.43 m. Thus,
o 2BXI0? 100
A3 14)N1.43 - 0.49) T 1.0
= (187 X 10 "HZI0) = 431 X 107 s

From Figure 2-31 we find that the extrapolation of the straight portion of the graph
yields tg = 0.30 min. Using the. i i i
tr = 6858 m) we find

T

5 - (2IHAIN X 10 *X0.30460)
(68581

=37x107

The factor of 60 is lo convert minutes into scconds. Now we should check 1o see if
vur implicit assumption that u is less than 0.04 was true. We usc 1 = 10.0 min for the
check.
(68.58)%3.7 X 10°%)
= Fa3i % 0T RraoRes = 007

This ix a bit high. However, it it obvious that at 100 minutes it would be acceptable.
Since ihe slope does not change. we will take this as 4 reasonable solution.
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Water treatment

E October 2002-2003 is the year of clean water

I The Clean Water Act (CWA) is the cornerstone of surface water quality
protection in the United States. (The Act does not deal directly with ground
water nor with water quantity issues.) The statute employs a variety of
regulatory and non-regulatory tools to sharply reduce direct pollutant
discharges into waterways, finance municipal wastewater treatment
facilities, and manage polluted runoff.

I Water is one of the most important resources we have.

¥ Millions of liters of water are needed every day worldwide for washing,
irrigating crops, and cooling industrial processes, not to mention leisure
industries such as swimming pools and water sports centers. Despite our
dependence on water, we use it as a dumping ground for all sorts of waste,
and do very little to protect the water supplies we have.

I The water which is polluted needs treatment




Potable water : 'Water that can be consumed in any
desired amount without concern for adverse effects is
termed as “Potable water”. Potable water does not
taste good but is safe to drink

Palatable water : Water that is pleasing to drink but not
necessarily safe

Water treatment should be done to
provide water which is both palatable as well as
potable.

Potable Water Treatment

SDWA (1974) - federal
mandate to protect public
health

~ 40% of the world’s
population does not have
adequate access to safe water
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Mass density : Mass density is mass per unit volume and is measured
in units of kg/m
Specific weight : Specific weight is weight(force) per unit volume,

measured in units of [\

Specific gravity = Specific gravity is given by ©
where the subscript zero represents the density of water at 3.98° C, 100(
kg/m? and specific weight of water, 9.81 KN/m?

Viscosity: A measure of friction is called viscosity. It is of two types
Dynamic viscosity or absolute viscosity, LLis mass per unit time

2

SITY,

Impurities in water

Impurities can exist in water in one of the three classifications-
suspended , colloidal, or dissolved.

ubstances : Substance is homogeneously d1spersed in

the hquld They are removed by (| on, adsorptios
spended solids: Physwal methods such as ! 1on,
tation and centrifug | Temove suspended solids.

Colloidal particles : They are in size range between dissolved
substances and suspended particles. Very high-force
centrifugation or filtration are used to remove colloidal particles.

The degree to which a colloidal suspension reflects light at
a 90° angle to the entrance beam is measured by turbidity.
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In order to work with chemical reactions it is necessary to convert weight con-
centrations to molarity or normality. A mole is 6.02 x 102 molecules of a substance.
Chemical reactions are expressed in integral numbers of moles. A mole of a sub-
stance has a relative weight called its molecular weight (MW). Molecular weight is
the sum of the atomic weights. A table of atomic weights is given inside the front
cover of this book. Molarity is the number of moles in a liter of solution. A 1-molar
(1 M) solution has 1 mole of substance per liter of solution. Molarity is related to

mg/L by

it

mg/L. = molarity X melecular weight X 10° (3-7)

(moles/L) (g/mole) (10° mg/g)

A second unit, equivalent weight (EW), is frequently used in softening and re-
dox reactions. The equivalent weight is the molecular weight divided by the number
() of electrons transferred in redox reactions or the number of protons transferred
in acid/base reactions.

The value of # depends on how the molecule reacts. In this text we are con-
cemned with molecules that react in acid/base reactions or precipitation reactions. In
an acid/base reaction, n is the number of hydrogen ions that the molecule trans-
fers. That is, an acid gives up an EW of hydrogen ions, and a base accepts an EW
of hydrogen ions. Inm a precipitation reaction, n is the valence of the element in
gquestion. For compounds, » is equal to the number of hydrogen ions that would
be required to replace the cation; that is, for CaCO; it would take two hydrogen

Il

ions to replace the calcium, therefore, # = 2, In oxidation/reduction reactions,
n is equal to the change in oxidation number that the compound undergoes
in the reaction. Obviously, it is difficult to recognize reaction capacity without the
context of the reaction. Common valence states of elements found in water are listed
in Appendix A.

Normality (N) is the number of equivalent weights per liter of solution and is
related to molarity (M) by

N = Mn (3-8)
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Example 3-1. Commercial sulfuric acid, H2SOy, is often purchased as a 93 weight
percent seiution, Find the mg/L of H>S0, and the molarity and normality of the solu-
tion. Sulfuric acid has a specific gravity of 1.839.

Selution. Since 1 L of water weighs 1,000 g, 1 L of 100% H.S0, weighs
1.000(1.839) = 1,839g

93% (1.839) g = 1,710 g of H,S04, or 1.7 X 10° mg/l. of Ho80, in a 93% solution.
The molecular weight of H>S0, is found by looking up the atomic weights on the inside
cover of this book:

2H = (D) = 2

S= 32

40 = 4(16) = 64
98 g/mole

The molarity is found by using Equation 3-7;

L710gL
58 gmle ~ 745 molefLor 17.45 M

The normality is found from Equation 3-8, realizing that H,SOy can give up two hy-
drogen jons and therefore n = 2 equivalents/mole:

N = 17.45 mole/L (2 equivimole) = 34.9 equiv/L

Example 3-2. Find the weight of sodium bicarbonate, NaHCO, necessary 1o make a

1 M solution. Find the normality of the solution.

Selution. The molecular weight of NaHCO, is 84; therefore by using Equation 3-7:
mg/L. = (1 mole/L)(84 g/mole)( 10 mg/g) = 84,000

HCO; is able to give or accept only one proton; therefore n = 1, and the normality is
the same as the molarity.
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Example 3-3. Find the equivalent weight of each of the following: Ca®*, CO;5"~,
CaCO;.
Solution. Equivalent weight was defined as
EW = Atomic or mo’l.ccu!ar wcig_h_t
The wniits of EW are grams/equivalent (g/eq) or milligrams/millieguivalent (mg/meq).

son = 2 From
is 4008, The

For calcium. # is equal to the valence or oxidation state in wite
the table on the inside cover of the book, the atomic weight of €5
sguivalent weieht is then

W =~

A{LO8 ;
- = 20004 pfeg or 2104 madmeg

For the carbonate ion (CO] ) the oxidation <tate of 2 is used for 4 since the bass €0 33
can potentially accept 2 hydrogen jons (F1° ). The molecular weight is

L gl 12,018
M) = 3{15.9904% = 4800
6611
aed the cequrvalent weight is
I {343 ) i
EW = = = 3OO0 gleg or 3OO0 mgdmey
in CaCChs. » = 2 since it would take two bydrogen ions 1o replace the cation (Ca”* ¥
to form carbonic acid, H;CO. Iis molecular weight is the sum of the atomic w cights
of Ca®* and COF  and is, therefore. cgual o HL08 + GO0 = ML, frs equivalent
werrpht s
FOMY 9 i
W = L S0 gleqg or medfmeg

Precipitation reactions. Al complexes are soluble in water 1o a certain extent,
Likewise. ali complexes are limited by how much can be dissolved in water. Some
compounds, such as NaCl, are very soluble; other compounds, such as AgCl. are very
insoluble—only a small amount will go into solution, Visualize a solid compound be-
ing placed in distilled water. Some of the cempound will go into solution. At some
time no meore of the compound will dissolve, and equilibrium will be reached. The
tme to reach equilibrium may be seconds or centuries. The solubilitv reaction is
written as follows: .

AuBus) = aA"* + BB (3-19)
For example.

Caz(POssis) = 307" + 2P0~ (3-200

Interestingly, the product of the activity of the ions (approximated by the molar con-

centration} is always a constant for a given compound at a given temperature. This

constant is called the solubility constant. K.. In the general form it is written n:,f -
EORLSaN _ -

. : are brack
K, = [AriBf__~ >{« (321
where, in this 1ext, || denotes mofar concentrations. Do not use mg/L! A table of
constants is shown 1n Table 3-1 and in Appendix A. K, values are often reported as
pK,. where

2 \-ka

pK, = ~log k| {3
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TARLE 31
Selected solubility constants at 257 C

Substance Fquilibrinm equation Application

Absrous bydoxide AlOHnis - AP = 30H Coagulatbon

Adunumnn phosphate AIPOsist — AT = Poy 26 Phosphate removal
Calonm carbonaie CaCOsis) = Ca™ + OO B.303  Seftening, corrosien control
Feric hvdrovde A OHList o Fe' + 30H 3857 Ceagulation, iron removal
Ferric phosphaie FePOyis) == Fe'™ = POy} 218 Phosphate remosal
Magnesiom hydroxade MotOH-ts = Me™ + 20H 11.25 Sedtemng

Fxample 34 How many me/l of PO} would be in solution at equilibriue with
ATPO 8T
Nofuton. The pertinent reaction is

AlPOuist — A + PO
The associated pK. is found in Table 3-1 as 22 .0 and calcutated as

K, = 10 & = [AI}PO:]
For evers mole of AlpQO. that dissolves, one mole of A'® and one mole of PO} are
released into solution. At equilibriuny, the molar concentration of A and PO] in

selwtion will be equal. so we may say
[AI"] = {PO3 ] = X
Substituting X for each compound in the X, expression,
¥ = %

Solving for X (which is equal to PO} ), we find PO}~ = 107 moles per liter in so-
lution. The mwlecuiar weight is 95 g/mole, so the concentration in mgil is

(95 g/mole) 107 mg/@3 10 " molesy = 9.5 x 1077 mg/l
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Example 3-5. If 50.0 mg of COi™ and S0.0 mg of Ca”* are present in | L of water,
what will be the final {equilibrivm) concentration of Ca®* ?

Solution. The molecular weight of Ca”* is 40.08 and that of CO? is 60.01. resulting
in initial molar concentrations of 1.25 X 1077 moles/L and 8.33 x 10 * moles/L. for
Ca’* and CO respectively )

K, = 10778 = Jo 2% = [Ca?* fCO2 ]

For every mole of Ca®* that is removed from solmtion, one mele of COY s
removed from solution. If the mmount removed is given by 7, then

08 = 308 10" = (125 x 107 - ZH8.33 x 10 % - Z]
LA 10" - 20810 Z+22 =0

b= \'jfr-* — dpe

Z =

2a

208 % 103 + JARA X 10-F ~ 4(1.04 % 10-6)

= 828 x 1671

&0 that the final Ca*™ concentration is

[Ca® ] = 125 = 10 T —R2EX I0Y = 42210 * M
or

(422 > 10~* moles/T W40 ofinole M 10 mefo) — 169 mofl

Acid/base reactions. For the purposes of this text, acids are defined as those com-
pounds that release protons. Bases are those compounds that accept protons.
The simple reaction for the release of a proton is

HA = H" +A” £3-233

Inorder for HA 1o release the proton (H ™), something must accept the proton. Often
that something is water, thas is,

H® + H,0 = H;0° {3-24;
resufting in the not reaction
HA & 1HO = H0" + A (3-25)

It is understood that water is generally presemt. Hence Equasion 3-23 is used
in place of Equation 3-25. In the case of Equation 3-25_ water is acting as the base:
that is. it accepts the proton. 1 a base is added to water, the water can act as an acid.

B™ + H;O0 — HB + O (3-26)
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H,O0 - H +OH (3-27)

The degree of ionization of water is very small and can be measured by what is called

the ton product of water, K, . It is found by
; pas -1

K, = |OH H{H] {3-28)

and has avalue of 10 M (pk, = 141at 25°C. A solution is said to be acidic it [H' ]
iv greater than [OH | newtral if equoal. and basic if [H | is less than [OH . If the
solution 1s newtral, then [HY ] = [OH | = 1077 AL, If the solution is acidic. H' is
greater than 10 7 3. A convenient expression for the hydrogen ion concentration is
pHL given by

pH = —log{H"] (3-29)

Therefore, a neutral selution at 257°C has a pH of 7 {written pH 7). an acidic solution
has 2 pH — 7, and a basic selution has a pH = 7.

Acids are classified as strong acids or weak acids. Srromig aofds have atendency
to domate thewr protons to water. For example,

HCE — H™ + (3-3)

Weak acids are acids that do not completely dissociate in water. An equilibrium
exists between the dissociated ions and undissociated compound. The reaction of a
weak acid is

HW = H" + W~ {3-32

An equilibrivm constant exists that relates the degree of dissociation:

_ [H W] "
Lo [HW] S
As with ather K values,
pK, = —log K, 13-34)
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Example 3-6. I 100 mg of H;S0; (MW = 98) is added to 1 L of water. what is the

final pH?

Sofution. Using the molecular weight of sulfuric acid we find

The reaction is

H.50, — 2H" + 8O3

and therefore 201.02 > 107 M H™ is produced. The pH is

pH = —log(2.04 > 10 %) = 2.69

100 me i i \ 4
(__._ i )( - )( | = 102 % 1077 mole/L.
L HLO L 9R gfowole L mgle )

TABLE 3-2

Strong acids

Substance Equilibrium eguation Significance
Hydrochloric acid HCl - H +Cl pH adijustment

Nitric acid
Sulfuric acid”

HNO: » H® + NOy
H,S0, — 2H* + SO2

Analytical techniques
pH adjustment. coagulation

2 Dissociation of the second proton. HSO, = H* + SO | is actually a weak acid reaction
with a pK, of 1.92 As Jopg as the pH of the solution is above 2.5, the release of both protens
may be considered complete.

TABLE 3-3

Selected weak acid dissociation constants at 25°C

Substance Equilibrium equation pA. Signiticance

Acetic acid CH.COOH = H* + CH:.CO0O- 475 Anaerobic digestion

Carbonic acid H.O0: (CO: + H2O) == H- + HCOD, 6.15 Corrosion. coaguiatic
HOO;, = H* + €03 (33 softening, pH contre!

Hydrogen sulfide H-8 — H +HS 7.2 Aeration. odor contr
HS — Y + §° 11 22 COrrnsion

Hypochlorous acid HOCH = H- + o 7.54 isinfection

Phosphoric acid H:PO, = H* + H.PO, 2.42 Phosphate removal
H.PO, = HT + HPOS 7.20 plant nuirient.
HPO; = H" + PO} 12.12 analytical
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Example 3-7. If 15 mg/l. of HOCY is added 10  potable water for disinfection and
the final measured pH is 7.0, what percent of the HOCT is not dissociated? Assume the
temperature is 25°C,
Selutinn, The reaction is
HOCT = H™ + 001
From Table 3-3, we find the pA. 15 7.34 and
K, = 107" =288 > 10 °
Writing the equilibrivm constant expression in the form of Eguation 3-33
k, - IO |
- JHOCH
aned substitnting the values for K, and [H' |
; t THOC
288 o ¥ = 1O HOCH |
JHOCH

Selving for the HOCH concentration

Solving for the HOC! concentration
[HOCT = 347{0C1 |

Since the fraction of HOCT that has not dissociated plus the OCH that was formed by
the dissoctition must, by the law of conservation of mass, equal 1007 of the original
HOCT added:

[HOCH « JOCT | = H0% (of the total HOC] added 1o the solution)

then

A4TOCE |+ JOCH | = 1007
4.47[0C1 | = 100%

-« X7

OCH ) = — _:': = 23 374
4.47
and
[HOCI] = 347(22.37%) = 77.6%

2/12/2010
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M Buffer solutions. A solution that resists large changes in pH when an acid or base is

added or when the solution is diluted is called a buffer solution. A solution containing
aweak acid and its salt is an example of a buffer. Atmospheric carbon dioxide (COh )
produces a natural buffer through the following reactions:

COx(g) = COz + HhO = H>CO; == H' + HCO7 = 2H* + COY  (3-35)

where H,CO: = carbonic acid
HCO; = bicarbonate ion
CO3; = carbonate jon

When CO; is bubbled into the SVRIENT o7 18  removed by p..ti';mg an
nert gas such as mtr(wcn 1hmunh the liquid {a process calied stripping). the pH will
Fhange more dramatically because the atmosphere is no longer available as a source
pr sink for CO;. Figure 3-4 summarizes the four gencral responses of the carbonate
puffer system. The first two cases are common in natural settings when the reactions
proceed over a relatively long period of time. In a water treatment plant, we can alter
he reactions more quickly than the CO; can be replenished from the atmosphere.
The second two cases are not common in natural settings. They are used in water
Jreatment plants to adjust the pH.

JURE 34

‘Yo havior of the carbonate buffer system with the addition of acids and bases or the addition and removal

o,
Case T
Pcidd is added to carbonate buffer system”

= Reaction shifts to the left as HCO, is formed when H™ and HCOS combineg?
~ C0; is released to the atmosphese

= pH is lowered slightly because the availability of free H* (amount depends on
-_PELIS IOWETed SHgni 3
bulfering capacity)

Gase 11

pasc is added to carbonate bulter system

- Reaction shifts to the right
B ——— .
~ CO; from the atmosphere dissolves into solution

- pH is raised slightly becanse H' combines with Ol (amount depends on
uffering capacity)

2/12/2010
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Case 1T
G); is bubbled inte carbonate buffer system

Reaction shifts o the right because H-COJ is formed when COs and H-0
g duiclii o s ol
combine
COs dissolves inte solution

pH is lowered
BER 38 fowen

Case IV

Carbonuate hufter system is stripped of €O

Reaction shifts o the left o form more HLCOT 10 replace that removed by
. . 2 ——'-‘——_-___ﬂ'__-
stripping

€0 1s removed from solution

pH is raised
—

Zetfer to Equatiien 3-33
Yhe asterisk = an the HLOO), 1< wsed o sigaify the sum of €0 aad H.CO: in sobution.

Alkalinity. Alkalinity is defined as the sum of all titratable bases down to about pH
4.5. It is found by experimentally determining how much acid it takes 1o lower the
pH of water to 4.5, In most waters the only significant contributions to alkalinity are

hie carbonate species and any free HY or O™, The total 1 that can be taken up
¥ a water containing primarily carbonate species is

Alkalinity = [HCO; } + 2{CO} | + [OH™] — [H*] (3-36)

vhere {] refers to concentrations in moles/L. In most natural water situations (pH 6
a8 the OH  and H' are negligible. such that

Alkalinity = [HCO, ] + 2[CO3 | {3-37)
Note that [COZ™ ] is multiplied by two because it can accept two protons. The perti-
nent acid/base reactions are
H;CO; = H™ + HCO, pKa = 6.35 at 25°C {3-38)
HCO7 = H' + COY” pK. = 10.33 at 25°C {3-39)

The alkalinity is then found by adding all the carbonate species and the hydroxide,
and then subtracting the hydrogen ions. When using the units “mg/1 as CaCO;." the
terms are added directly. The multiple of two for CO3~ has already been accounted
for in the conversion. '
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From the pK values, some useful relationships can be found. The more important
ones are as follows:

1. Below pH of 4.5, essentially all of the carbonaie species are present as H.COs
and the alkalinity is negative (due to the H*

2. At a pH of 8.3 most of the carbonate species are present as HCO 1 . and the alka-
linity equals HCO7

3. Above a pH of 12.3. essentially all of the carbonate species are present as CO7,
and the atkalinity equals 2[CO; | + {OH |. The [OH ] may not be insignificant
at this pH.

From Eguation 3-37 and our discussion of buffer solutions, it can be seen that
alkalinity serves as a measure of buffering capacity. The greater the alkalinity, the
greater the buffering capacity. In environmental engineering. then, we differentiate
between alkaline water and water having high alkalinity. Alkaline water has a pH
greater than 7, while a water with high alkalinity has a high buffering capacity. An

By convention, alkalinity is not expressed in molarity units as shown in the
bove equations, but rather in mg/L as CaCOs;. In order to convert species to mg/L
s CaCOs. multiply mg/L. as the species by the ratic of the equivalent weight of
CaCO:; to the species eguivalent weight:

EW
mg/L as CaCO; = (mg/L as species) | mo et (3-40y
7 h“‘ species

Example 3-8. A water contains 100.0 mg/A. CO;~ and 75.0 mg/l. HCO; at a pH of
10. Calculate the alkalinity exactly at 25°C. Approximate the alkalinity by ignoring
[OH Jand [H'}L

Solufion. First. convert COJ _HCO;. OH . and H* to mg/l as Cal 0.
The equivalent weights are

COT: MW = 605 = 2, EW = 30
HCO;: MW = 6L.» = |, EW = 6/
H: MW= La=1LEW= 1|
O : MW = 7.0 = 1,EW = §7

and the concentration of H* and OH~ is calculated as follows: pH = 10; therefare

{H*] = 107" pf. Using Equation 3-7,

mg/L = (107'° moles/L)(! g/mole)(10° mg/g) = 107
Using Equation 3-28,

mg/L = (107 moles/L)(17 g/mole}(10° mg/g) =

2/12/2010
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Now, the mg/l. a8 CaCQ; is found by using Equation 3-40 and taking the equivalent
weight of CaCO; to be 50:

a 50
co; = IIK}.D(E)— 167
HCO; = 75.0(2—?) = 61
H* = 10-7(51-0) = §x 10°¢
_ 50
OH = 1.?(ﬁ)— 5.0

The exact alkalinity (in mg/L.) is found by

Alkalinity = 61 + 167 + 5.0 — (5 X 107%)
= 233 mg/l as CaCO;,
I is approximated by 61 + 167 = 228 mg/L. as CaCQO;. This is a 2.2 percent error.

Activity Coefficients. To this point our discussions have assumed that the solutions
being analyzed were dilute. That is, the total ion concentrations were low (gener-
ally less than 10~2 M). For dilute solutions, the ions in selution can be considered
to act independently from one another. As the concentration of ions in solution in-
creases, the interaction of their electric charges affects their equilibrium relation-
ships. This interaction is measured in terms of fonic strengrh. To account for high
ionic strength, the equilibrium relationships are modified by incorporating activity
coefficients. These are symbolized by y(ion). Activity is then the product of the molar
concentration of the species and its activity coefficient. For example, the solubility
product of CaCO3 would be

K, = {y(Ca**) X [Ca®* IH¥(CO3) X [CO;}} (3-41)

2/12/2010
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ENCE 3323: Introduction to
Environmental Engineering

Review of the Last Class

* Why treat water?
- To supply potable and palatable water
» Why do you need knowledge of water
chemistry?
— To understand the water quality
— To optimize water treatment reactions
— To calculate quantity of chemicals needed
— To calculate reaction times, reactor/tank sizes
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Review of the Last Class

* Physical properties of water
— Mass density (p)
— Specific weight (y=pg)
— Specific gravity
— Dynamic viscosity (u)
— Kinematic viscosity (v= p/p)

Review of the Last Class

* Impurities in water could be in one or more of
the following forms
— Suspended form (0.2 to 100 um)
— Colloidal (0.01 — 10 um); Turbidity
— Dissolved
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Review of the Last Class

* Concentration of pollutants in water
— Concentration in mg/l
— Molarity (M) [1 mole substance in one liter]

— Normality (N) [1 equivalent weight (EW)
substance dissolved in one liter]

—N=Mn

Review of the Last Class

* Most common chemical reactions in water
— Precipitation (phase change; precipitation of salts)
— Acid/base (hydrogen ion added or removed)
— lon-association (AIOHZ*)

— Oxidation/reduction (electron exchange; corrosion
of pipes and release of hydrogen gas) [Oxidation —
loss of electron(s); Reduction - gain of electron(s)]
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Review of the Last Class

* Various constants to remember
— Solubility constant, K, = [A]3. [B]®
— lon product of water, K, = [OH]. [H*]
— Equilibrium constant, K, = [H*]. [W'] / [HW]

Review of the Last Class

* Acids: Those release protons

* Strong acids: Those completely disassociate
(Hydrochloric acid)
—e.g.. HCI > H*+ CI

* Weak acids: Those do not completely
disassociate (Acetic acid)
—e.g.. CH;COOH €<= H*'+ CH,COO




Review of the Last Class

* Degree of acid disassociation can be
estimated knowing pH and pKa (equilibrium
constant)

— If pH << pKa = none of the acid is disassociated
— If pH = pKa = acid is 50% disassociated

— If pH >> pKa = most acid is disassociated

— Review Example 3.7 (Page 146)

Review of the Last Class

» Buffer Solution: Resists large changes in pH when
an acid or base is added

* Atmospheric CO, produces natural buffer in water
bodies through the following reaction:

¢ CO, (8) € CO, + H,0 € H,CO; € H +

HCO; €= 2H* + CO3% (3-35)
- H,CO; - Carbonic acid
— HCO; - Bicarbonate ion
- CO3* - Carbonate ion
* Why the above phenomenon important in water
treatment?
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Review of the Last Class

* Alkalinity: Defined as the sum of all titratable
bases down to about pH of 4.5

Determined based on how much acid it takes
to lower the pH of water to 4.5

Alkalinity =

[HCO;] + 2[CO3%] + [OHT] - [HY]

Alkalinity most often expressed as equivalent
of “mg/L of CaCO;”

Review of the Last Class

» Alkalinity & Alkaline - Note the differences:
— Alkaline water hasapH > 7

— Water with high alkalinity has a high buffering
capacity

— An alkaline water may or may not have the
buffering capacity

— Likewise, a water with a high alkalinity may or may
not have a high pH.
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Today’s Class — Objectives

* Reaction Kinetics

* Gas Transfer / Henry’s Law

* Water Quality Parameters

» Water Quality Standards

* Coagulation (If time permits)
» Softening (If time permits)

e Reactors (If time permits)

Reaction Kinetics

* The study of how the reactions proceed is
called reaction kinetics

* Homogenous reactions — Within a single
phase (air, liquid, solid)

* Heterogeneous reactions — Reactions that
occur at surfaces between phases




Rate of Reaction

* For homogeneous reactions:

_ (Moles _or _Milligrams)
* For heterogéﬁg/dﬁ‘ﬁ’?%géﬁgﬂ?’e)

_ (Moles _or _ Milligrams)
(UnitSurface)(UnitTime)

Reaction Rate Constant

* Consider the following reaction:
aA + bB 2> cC

A4 _ 4~ —kpariBY =HCTY
Whereflt
k E reaction rate constant
oB,y - empirically determined exponents
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Order of Reaction

e Order of reaction is defined as the sum of the
exponents in the reaction rate equation

TABLE 34
Example reaction orders

Reaction order  Rate Equation

Z‘m . r,. = "k

First = —kA]
Second ra = ~KAP
Second rs = —KA)[B]

More on Order of Reaction

TABLE 3-5
Plotting procedure to determine order of reaction by method of integration

for plug flow reactnr and for a batch reactor”

Hate Inteprated iinear

Order eyuation eguation pint Slops Infercept

; dEA] FAY _ EALE i .

i - i FAY -~ Al 53 AT ws. 1 i [AL)
o2t i iA &

i ‘ .\" = fTA] in }i E ir In{Alvs 7 i o E A

e = Al
ATAT o ] ; . b, ‘ :
AEAL (Al -—-1\.! Ey !_\}a\ H i (Al

v amd L3 W Hesnke, Emvesrmentef Scivncy and Engincering, Faglewond Chffs, NJ-
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Gas Transfer

* Gas transfer (dissolution or volatilization) is
explained by two-film theory [Lewis and
Whitman, 1924]

* Why is it important in water treatment and
natural water systems?

* Dissolved oxygen in water — a vital component
of life support systems

Gas Transfer — Two Film Theory

* Between the bulk of gas and the bulk of liquid,
there exist two layers:
— Gas film
— Liquid film

* Molecules moving from one system to the
other system have to pass through these two
films

* This is better illustrated in next slide

2/12/2010
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Gas Transfer — Two Film Theory

[FIGURE 3.5

Too-film model of the interfuce between gas and hguid: 1a) absorption mede and (51 deserption meode,

| 5

| BEuik | R':%I‘
3 {ias ; i ; Ca
- SR 1 I R
c g ; t :
E E. | l(;;as Film A [ Intertace £ F G i1
Epi.. Y . AN, AT £ YT 3 .
g - 3 i -
< % Ligoid Film | pin 1 | Liguid Film =
) | ! TR T R
= = !
av Bulk &Y Bulk iI

! Liguid Liquid |

| C.> 0 e,

H 4 ‘

Concenlration—» Concentration——»
{ul {5}

Gas Transfer — Two Film Theory

* For molecules to go from the bulk of gas to
the bulk of liquid (dissolution), there should
be a driving force, (C, — C)

= L - Saturation concentration
-C - Actual concentration
* If C, > C, gas dissolves into the liquid

 If C>C,, gas leaves the liquid phase,
volatilization

2/12/2010
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Gas Transfer — Henry’s Law

* Relationship between the equilibrium concentration
of gas dissolved in solution and the partial pressure
of the gas is defined by Henry’s Law

* Henry’s Law:  P=HC

— P- partial pressures of gas in equilibrium, kPa

- H - Henry’s law constant, kPA.m3/g

— Cequt ~equilibrium concentration of gas
dissolved in liquid, g/m3

Gas Transfer — Henry’s Law

* Henry’s law (another form)
* X = Ky.Pq
— X- mole fraction of the gas dissolved in the
liquid at equilibrium
- Ky - Henry’s law constant, atm!
- P, - partial pressure of gas in equilibrium with
liquid, atm
* What is partial pressure? If oxygen is 21% by volume
in the atmosphere, what is the partial pressure of
oxygen?

2/12/2010
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Oxygen Dissolution in Water

= Mass transfer of oxygen in water is explained by the
first order reaction

dacC ( )
wmfe’_ k a C 5 = C
k, - rate constant or mass transfer coeff., s-1 C,
- saturation concentration of oxygen in
water
c - actual concentration of oxygen in water

Example 3-9. A falling raindrop initially has no dissolved oxygen. The saturation con-
centration for the drop is 9.20 mg/L. If. after falling for two seconds, the droplet has

an axygen concentration of 3.20 mg/L. how long must the dropiet fall (from the start
of the fall) to achieve a concentration of 8.20 mg/L?

Solution. We begin by calculating the deficit afler iwo seconds, and that at a concen-
tration of 8.20 mg/L:

Deficitat 2 sec = 9.20 — 3.20 = 6.00 mg/L.

Deficit at t sec = 9.20 — 8.20 = 1.00 mg/L

Now using the integrated form of the first-order rate equation from Table 3-5, noting

that the rate of change is proportional to deficit and, heace, [A] = (C,; — C) and that
[Aal = (9.20 — 0.00),

» 500
9.20

k=02137s"
With this value of k, we can calculate a value for 1

(9.20 — 8.20)
5.20

i = =k (2.005)

In = —(0.2137) ()

..
i

14
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Water Quality Parameters

* How do you define if the quality of water is good or
bad?
* You need to identify the important parameters
* Classification of Water Quality Parameters
— Physical
— Chemical
— Biological

— Radiological {minimum in this course)

Physical Characteristics

* Turbidity: The presence of suspended material such as silt, clay,
finely divided organic material, plankton, and other particulate
material in water is known as turbidity. Unit of turbidity is a Turbidity
Unit (TU) or Nephlometric Turbidity Unit(NTU)

¢ Color: Dissolved organic material from decaying vegetation and
certain inorganic matter cause color in water. Occasionally, excessive
blooms of algae or the growth of microorganisms may also impart
color.

* Taste and Odor: They are caused by foreign matter such as organic
compounds, inorganic salts, or dissolved gases.

¢ Temperature: The most desirable drinking waters are consistently
cool and do not have temperature fluctuations of more than a few
degrees. Most individuals find that water having a temperature
between 10-15 Deg. C is most palatable.

2/12/2010
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Chemical Characteristics

Chloride — produces taste
Safe range —{100 mg/I to 250 mg/I1)
Fluorides- optimum range prevents decay of teeth and excess amounts
cause flourosis
Iron — imparts color
Lead — exposure to even small quantities of lead result in severe iliness or death
Manganese — imparts a brownish color to water

Sodium — affects persons suffering from heart kidney or circulatory
ailments

Sulfate — waters contain sodium because of leaching of natural deposits of
magnesium sulfate or sodium sulfate

Toxic inorganic (Metals etc.)
Toxic organic (Table 1-3})

Microbiological Characteristics

Pathogens (disease producing)
Viruses

Bacteria

Protozoa

Helminths

Others

2/12/2010
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Water Quality Standards

SDWA: Safe Drinking Water Act

Table 3.6: Contaminants and MCLGs and
MCLs

MCLG: Maximum Contaminant Limit Goal

MCL: Maximum Contaminant Limit
MCLG < MCL

2/12/2010
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ENCE 3323: Introduction to
Environmental Engineering

Today’s Objectives

Water Quality Parameters

Water Quality Standards

Coagulation

Softening

Discussion on the Midterm Test Format / Date
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Water Quality Parameters

How do you define if the quality of water is good or
bad?

You need to identify the important parameters
Classification of Water Quality Parameters

Physical
Chemical
Biological
Radiological

Physical Characteristics

Turbidity: The presence of suspended material such as silt, clay,
finely divided organic material, plankton, and other particulate
materialin water is known as turbidity. Unit of turbidityis a
Turbidity Unit (TU) or Nephlometric Turbidity Unit(NTU)

Color: Dissolved organic material from decaying vegetation and
certain inorganic matter causes color in water. Occasionally,
excessive blooms of algae or the growth of microorganisms may also
impart color.

Taste and Odor: They are caused by foreign matter such as organic
compounds, inorganic salts, or dissolved gases.

Temperature: The most desirable drinking waters are consistently
cool and do not have temperature fluctuations of more than a few
degrees. Most individuals find that water having a temperature
between 10-15 Deg. C is most palatable.
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Chemical Characteristics

* Chloride — produces taste
Safe range —{100 mg/I to 250 mg/l)

e Fluorides- optimum range prevents decay of teeth and
excess amounts cause floursis

¢ lron-imparts color

¢ Lead — exposure to even small quantities of lead result in
severe illness or death

¢ Manganese — imparts a brownish color to water

Chemical Characteristics

Sodium — affects persons suffering from heart, kidney or
circulatory ailments

Sulfate — waters contain sodium because of leaching of
natural deposits of magnesium sulfate or sodium sulfate

Toxic inorganic substances: Nitrates (NO,), cyanides (CN),
and heavy metals (Table 1-6)

Toxic organic substances: Pesticides, insecticides, solvents,
and others (Table 1-6)
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Microbiological Characteristics

Pathogens (disease producing)
Viruses

Bacteria

Protozoa

Helminths

Others

Water Quality Standards

SDWA: Safe Drinking Water Act

Table 4.7: Contaminants and MCLGs and
MCLs

MCLG: Maximum Contaminant Level Goal
MCL: Maximum Contaminant Level
MCLG < MCL
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AWWA goals. The primary and secondary maximum contaminant levels are the
naximum allowed (or recommended) values of the various contaminants. However,
1 reasonable goal may be much lower than the MCLs themselves. The American Wa-
er Works Association (AWWA ) has issued its own set of goals to which its members
vy 10 asdhere. These goals are shown in Table 2-10.

TABLE 3-10
American Water Works Association

water quality goals

Contaminant Goal (mg/Ly”
Turbidity <81 TU

Color = X color units
Odar None

Faste None objectionabie
Aluminum < 05

Copper <412

fron = (L.05
Manganese - {14

Total dissolved selids (TS 20000

Zing = 1.0

Hardness 800

@ All guantsties ate medl. except these for whsch waits
are given,

Characteristics of GW and SW

TABLE -1
General characteristics of groundwater
and surface water

Ground Surfece

Consiant coamposizion
High winerabizanon 1 e mnmnpral
Lusle tmiudity 3

Vatving

saopt

Hich bardness
.5, Fe Mn
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Treatment Flow Chart - SW

ERE A4

srivemien ] e T s Bre et et ¢ B st phaen

Treatment Flow Chart - GW

FIGURE 37
Flvw 4
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Coagulation

* Objective: Remove turbidity, color and
bacteria

* Truly speaking, coagulation is removal of
colloidal particles (often used in removal of
dissolved ions — precipitation)

* As colloidal particles are stable due to surface

charge (-), sodium ions, Na(+), are added to
neutralize to make them unstable

Coagulation

e Schulze-Hardy Rule
— Trivalent ion is 30 to 50 times more efficient than
divalent and 1500 to 2000 times more efficient
than monovalent ion
* So, trivalent cations, aluminum (Al3+) and
ferric ion (Fe3+) are commonly used
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Coagulation - Al

* Water with Alkalinity
Al,(SO,);.14H,0 + 6HCO; €—>
2AI(OH;)(s) + 6CO, + 14H,0 + 350,

pH is slightly reduced due to presence of
Alkalinity

* Water without Alkalinity
Al,(SO,);.14H,0 €
2AI{OH;)(s) + 3H,S0O, + 8H,0
pH is drastically reduced due to non- availability
of alkalinity

Example 3-10. One of the most common methods to evaluate coagulation efficiency
is W conduct jar tests. Jar tests are performed in an apparatus such as shown in Fig-
ure 3-H1 Six beoakers are filled with water and then each is mixed and flocculated
uniformly by a gang stirrer. A test is often conducted by first dosing each jar with the
same alum dose and varving the pH in each jar. The test can then he repeated by holding
the pH constant and varying the coagulant dose,

Twa sets of such jar tests were conducted on a raw water containing 15 TU and
an HOO, alkalinity concentration of 50 mg/l expressed as CaCOs. Given the data
below, find the optimal pH, coagulant dose, and the theoretical amount of alkaltmity
that would be consumed at the aptimal dose.

Jar test 1

1 2 3 4 5 6
pH 5.0 55 .} 6.5 8 €5
Al dose emg/ 10 10 if 10 ) 14
Settled rrbidity (TU) I 7 535 5.7 8 I3
Jar test 11
rH 6.0 &A1 £.43 603 6.0 a
Al dose (mg/Ly 5 7 ] 12 15 20
Sentled torbidity (TU 14 %5 s 45 6 i3
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Selution. The resubis of the o jar 1esis are p!n!!‘.‘tf in Figure 3-11. The t‘P[Eiﬂ:"ll ["”

wors chosen as 6375 and the eptimal alum dose was about 12,5 megfL. The expenimenter
would probably oy to sepeat the fest psing 2 pH of 6.25 and varvieg the alom dose
hetween HYand 15 10 pinpomt the optanal conditions,

Fhe amennt of afkabmity that will be consumed is found by nsing Equation 3-51,
which shows s that one mode of alum consumes six moles of HCO, . With the melec-
alar swereht of aloy egual o 301, the moles of alim added per Bter i found by using

Faguistion

which will consume
621 > 107 %y = 126 % 10 “ M HCO,
The molecolar weight of HCO; s 61, so
(1.26 % 107" moles/L)61 gimolex 10° mgier = 7.7 mg/l. HCQ,
are consumed. which can be expressed as CaCOs by using Equation 340

50 ,
7.7 &= 6.31 mgfl. HOCO, as CaCO,
3
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Figure related to example 3:10
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Coagulation — Ferric Iron lon

* Water with Alkalinity
FeCl; + 3HCO;™ € > Fe(OH),(s) + 3CO, + 3CI
pH is slightly reduced
* Water without Alkalinity
FeCl; + 3H,0 € -> Fe(OH),(s) + 3HCI
pH is greatly reduced

Softening
* Hard Water / Soft
) TABLE 3-13

Water: HardEwater classification
» Soft - Foaming / lather Hardmess rame

when you apply soap (mg/l CaCO;)  Deseription
* Hard — Scum / scaling o7 Soft

with soap 100-300 foimia

>300 Very hard

* Hardness is defined as
sum of polyvalent
cations present in
water

2/12/2010
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How Water Becomes Hard?

v v v
CO,+ H0 — H1C03

. cuco,m-»npo,»mico,)

/_,,..

mco,(.unpu,_; um),

Total Hardness (TH)

TH = Ca*? + Mg*?
TH = CH + NCH
where,

CH = Carbonate hardness
= Hardness due to HCO, anion
= CHis equal to TH or alkalinity whichever is less
¢ Also known as temporary hardness (can be removed by heating)

NCH = Non-carbonate hardness
« Hardness due to other than HCO;" anion
e NCHis the hardness in excess of alkalinity
< Also known as permanent hardness

2/12/2010
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TH, CH, and NCH —Case 1

Tiwal Hardoess 1 TH

it AR P

O, €l

TH, CH, and NCH — Case 2

Total Hardness (TH)

Sl e,

Carhonate Hardness 1CHh

HOO,

FIGURE 3-14
Belninnuhins between totnl hardness, carbonate hardness, and
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Coenstruction of a bar chart is illustrated in Example 3-11.

Example 3-11. Given the following analysis of a groundwater, construct o bar chart
of the constituents, expressed as CaC O,

fan mg/l as ion E3W CaCOWEW ion me/l as Cal (O,
Ca™* 103 250 258
AlpT 55 452 23
Ma- 16 218 a5
HCO, 255 LR 209
S0; 3 §043 51
L 37 141 52

Solution. The concentrations of the ions have been converted to CaCOs equivalents.
The results are plotted in Figure 3-13.

The cations total 316 mg/L as CaCOj, of which 281 mg/L as CaCO; is hardness.
The anions total 312 mg/L as CaCOs, of which the carbonate hardness is 202 mg/L.
as CaCO;. There is a discrepancy between the cation and anion totals because there
are other ions that were not analyzed. If a complete analysis were conducted, and no
analytical error occurred, the equivalents of cations would equal exactly the equivalents
of anions. Typically. a complete analysis may vary 5% because of analytical errors,

Totat Hardne

e e - -
Nopcarbopate
Carbonate Hardness Hardness
S— o - — 7'.|
-] — -
wy o w—
ré «2 5
; A7, k! .
Cations Ca 22| Na
=
Anjons | HCO3 SO;7 cr-
) 2 e
= = =
oot s
2 K 206y 200 40¥)

for Concentration {me/L as CalC (x5

FIGURE 3-13
Bar graph of groundwater conststuents.

Figure related to example 3:11
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Fixamp_is: 3’“1 2. A water has an alkalinity of 200 mg/l. as CaCOs:. The Ca’* concen-
l!’(zil‘s!ri’l"& !f-” mig/L. as the ion, and the Mg®' concentration is 40 mg/l. as the ion. The
pH is 8.1, Find the total, carbonate, and noncarbonate hardness.
Solutien. The molecular weights of calcium and magnesium are 40 and 24 respec-
tively. Since each has a valence of 2%, the carresponding equivalent weights are 20
and 12. Using Equation 3-40 to convert mg/L as the ion to mg/L as CaCQ; and adding

the two ions as shown in Equation 3-56. the total hardness is

ArE 50 mg/meqy 50 mg/meqy
M’H = 160 !'I'Igf]_. (We—q) + 40 mgn'(ll_mgfma&i = 567 mgfL as CaCO;

where 50 is the equivalent weight of CaCOs;.

By definition, the carbanate hardness is the lesser of the total hardness or the
alkalinity. Since, in this case, the alkalinity is less than the total hardness, the carbenate
hardness (CH) is equal to 200 mg/L. as CaCOx. The noncarbonate hardness is equal to
the difference

NCH = TH — CH = 567 — 200 = 367 mg/L as CaCO»

Note that we can only add and subtract concentrations of Ca** and Mg?** if they are in
equivalent units, for example, meles/L or milliequivalents/L. or mg/L as CaCOs.

Lime-Soda Softening

* Objective is to precipitate CaCO; and Mg(OH),
* Chemicals to be used

— Quicklime (CaO) / Hydrated lime (Ca(OH),)

— Sodium carbonate / soda ash / soda (Na,CO,)

2/12/2010
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Neutralization of Carbonic Acid
CO, + Caf0H),= CaCOLis} + H.O
Precipitution of Carbonate Hardness
Ca®" + 2ZHCO7S + CalOH), = 2CaC(3,(s) + 2H,0
Mg>® + ZHCO: + Ca(OH), = MgCO, + CaCOufs} + 2H,0
M#CO, + CalOH), = Mg(OHJ(s) + CaCO4(s)

Precipitation of Nencarbonate Hardness Due to Calcium
Ca?’ + Na,CO,+ CaCO,ls) + 2Na”

Precipitation of Noncarbonate Hardness Due to Magnesium
Mg?  + Ca{OH), = MgiOI,[s) + Ca®”
Ca®  + NajC0,= CaCOist + 2Na”

FIGURE 3-15

Summary of sofiening reactions. (Note: The chemical added is primed in
bold type. The precipitate is designated by s} The arrow indicates where a
compound formed in one reaction is used in another reaction. )

lon-Exchange Softening

* Exchange of ions (polyvalent ions in water to
Na in solid) is achieved by passing water
through a column of ion-exchange material

* Ca(HCO,), +2 NaR

* Cais replaced by Na

Alkalinity does not change

2/12/2010
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Hardness Removal in lon-Exchange

Hardness [mg/L, as CaCO,)
]
I

Effluent
Hardness
= FIGURE 321
Thms Hard; al in fon-excl colomn.

Since the resin removes virtually 100 percent of the hardness, it is necessary

to bypass a portion of the water and then blend in order to obfain the desired final
8.

Hardness yired @71y

%Bypass = (100) Tirestou

2/12/2010
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ENCE 3323: Introduction to
Environmental Engineering

REACTORS

* Tanks in which physical, chemical, and
biological reactions take place

* Types of reactors:
— Batch Reactors (fill-and-draw)

— Flow Reactors (Continuous operation)

* Completely Stirred Tank Reactors (CSTR) / Completely
Mixed-flow Reactors (CMF)

* Plug Flow Reactors (PFR)




CSTR / CMF

TABLE 3-14
Example solutions to mass-balance
reactions for CSTRs at steady state

Reaction order Integrated equation

0 kt = [Aq] — |A)

! tr = Aol _
7Y

1 {[Ao]
2 ki = —_fL01
' lA:([A] ')

Plug Flow Reactors

AL E 33
Plotting procedure to determine order of reaction by method of inlegration
for plug flow reactor amt for a hatch reactor”

Kate Entegrated Linear

adder eaestion cipation plai Slope Intercept
iA]
i : AL - 1 Ajv Aql
AL IA] i
i 7 ¢ 3z i w Al 1
A\ 1 ¥ i i
3 — V%
PA] ! [Al Al
It 12 £ i, Engl i T i
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Detention Time / Retention Time

The time that a fluid particle remains in the reactor,
from its entry to exit

DT/RT = t, = Vv/Q

Real tanks behave in between CSTR and Plug Flow
Reactors

Real tanks have less detention time than the
theoretical detention time given by the above
equation

MIXING AND FLOCCULATION

Mixing or rapid mixing is the process in which
chemicals are quickly dispersed

Flocculation is a gentle mixing process in
which particles / precipitates / flocs are
brought together to allow formation of bigger
flocs

2/12/2010



Degree of Mixing, G

= Velocity gradient, G, denotes degree of mixing

G= f~P—~ ......... (Eg3.75)
uv

Where, = Velocity gradient, s
= Power input, W

= Volume of water in tank, m3

c < U 0N

= Dynamic viscosity, Pa.s

Power Requirements

» Powered by Impeller in a Baffled Tank:

P =K{n)3(D,)° p Eq. 3.76
P - Power, W

Ky-  Impeller constant

n - Rotational speed

D, - Impeller diameter, m

p - Density of water, kg/m3

2/12/2010
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Power Requirements

* Review equation 3.77
* Review equation 3.78

SEDIMENTATION




SEDIMENTATION

There are two important terms to understand in sedimentation zone design. The first
is the particle (floc) serrling velocity, vs. The second is the ve!oclty at which the lnnk
is desipned 1o operale, called the overflow raie,

Volume/Time _ {Depth)(Surfacc area) _ Depth
Surface Area  (Time)(Surface area)  Time
Vi, _ UNA) _ h
A, (fa)(‘d ) P

o =

= Liquid velocity
(3-81)

Uy =

SEDIMENTATION

Discuss Figure 3.33
Discuss Figure 3.34
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Newton’s Settling Velocity

/2

1
, —|48p,—p)d
S 3C,p

FILTRATION

Loading Rate = v, = Q/A,

Head Loss in Filters,

Discuss equation, 3.105, Page 235
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DISINFECTION

Chlorination is a popular method in municipal
water treatment plants

Ozone is also used sometimes

Breakpoint Chlorination

Mole Ratio {Cl,NH,-N}
05 i0 13
L i 1

9 =

8 —
27
i o
z &
£ 5 o
=
5, _l &
3.0 &7
3 Breakpoint Free

Z - Chlorine Residual

Combined Chlorine Prodominent
1= Residuals in Predominan:
||||| T T : T T L) T
1 2 3 4 S 6 7 & 9 ton
Chlorine Dosage (mgL)

FIGURE 3-44

Breskpoint chlorination. ( Sowre: American Water Warks Association, Warer
Treatment Plast Devign, 1969.)
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Disinfection — CT Rule

TABLE 321
CT values for 99.99 percent Giardia cyst inactivation
Temperature
05 s 1wc 15°C we 25°C
Chlmine dinxide "1 54 40 27 21 14
Opone 4.5 3 25 2 15 |
Chloramines REC ) 2200 1850 1500 1100 750

Sowrve: Guidneee Manval for Complivmee with Fiftration and Disinfecsion Requiresens for
Pubtic Drinking Witer Sisterrs Using Sufave Water Sounves, Dctober 1989
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ENCE 3323: Introduction to
Environmental Engineering

Water Quality Management 1
Chapter 5: Part 1

What is Water Quality Mgmt?

» Control of pollution from human activity so
that the water quality is not degraded

= Understanding “assimilative capacity” of a
water body

» Need to know “how much is too much”

Types of Sources - Water Pollution

» Point sources (relatively easy to manage)
— Municipal discharges (with or w/o treatment)
— Industrial discharges (with or w/o treatment)

= Non-point sources (difficult to manage)
+ Urban runoff (combined sewer overflows)
« Agricultural runoffs

What do you see? What water quality
parameter will be affected?




How do they affect water quality?

2/24/2010

How does this industry affect the water
quality?

Sources and Water Pollutants

Polulsources Nun-point soures
Pollutant Domestic Industrial  Agricultural  Urban
eategory sewage wastes runoff runoft
Osygen-demmnding material x X X x
Nurients X X X i
Pathogens X A X >
Suspended solids/sediments x X X x
Salts X X X
Tomse metals A X
Tonic nrganic chemvicals X x
Hem X

Effects of Legislation

Legislation & water pollution

FEDERAL LEGISLATION:

Clean Water Act (1572, 1977)
Water Quality AcL {1987}

Regulated pollutant sputs, wastewater treatment
Protected wetlands

RESULTS:

Vast improvement

Fishable and swimmabie U.S. waters:
1972 = 36%, 1997 = 62%

THE PROBLEM:

In constant danger of repeat or weakening

Oxygen Demanding Material

Dissolved oxygen (DO) is important to support
aquatic life

Brook trout requires 7.5 mg/l DO
Some can survive at much lower DO

Pollutants that exert pressure on DO need

attention!

DISSOLVED OXYGEN LEVELS and POLLUTION

Wator ;
Quality ppm of DO at 20°C

Good

Slightly
poliuted 678
Modarately:
poliuted
Heavily

paliuted

Gravely
poliuted

: below 4.5

below 4

1R Bfadeuorth Pubizking Compamed TP
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Measuring Oxygen Demand

+ Theoretical Oxygen Demand (ThOD)

— Amount of oxygen required to convert a substance to CO,
and H,0; theoretical estimate based on stoichiometry

« Chemical Oxygen Demand (COD)

— Oxygen demand estimated using chemical means (strong
oxidizing agent such as chromic acid)

+ Biochemical Oxygen Demand (BOD)

— Oxygen required by microorganisms while consuming the
organic matter is food

— BOD < COD < ThOD

Theoretical Oxygen Demand (ThOD)

* C6H12 +902 = 6C02 + 6H20
» Theoretical OD (ThOD) would then be:
=288 g (grams of oxygen used)

=4 g Oxygen /g of Carbon (grams of
C oxidized - 72)

= 3.83 Oxygen / g of C6H12 oxidized

Oxygen-demanding wastes

THE BIOLOGY:
Bacteria in water consume organic material

Use oxygen while metabolizing organics

BOD and Oxygen-Equivalent Relationships

« Figure 4.1 - Page 290/291 (Eq. 4.1 through 4.4)
* Use Chalk Board

T - Lg.e"“
- BOD = =
QQ + *ﬁ‘g .. Low dissolved . ok
O ) oxygen + BOD, = Ly (1-ex)
food + oxygen = carbon dioxide + energy . BOD, - Lo(1-10%)
Use dissolved oxygen in the water
Effect of Temperature on BOD Rate
A Lab Test for BOD
* ky = koo (B)720 » Step 1: Dilute the sample, seed with
microorganisms, add essential trace elements,
fill it in 300 ml bottle, measure DO, seal for air
* k; =  BOD rate constant at T, day-1 tightness and incubate in the dark at 20 °C
* kyg = BOD rate constant at 20 oC, day-1
«®@ =  Constant(1.135 for T: 4-20 °C; » Step 2: Prepare a blank —Same as in step 1

1.056 for T: 20-30 °C)
e T = Water temperature, °C

without sample




Lab Test for BOD

Step 3: Incubate in dark for 5 days (typical)
for BOD,

Step 4: Measure DO in sample and blank and
compute the BOD; of undiluted sample

2/24/2010

More on BOD Lab Test

+ Sample siz (%)
= (Vol. of sample before dilution / Vol. of sample after dilution) x
100

¢+ Dilution fraction

= {Vol. of sample before dilution / Vol. of sample after dilution)

¢ Dilution factor
= (Vol. of sample after dilution / Vol. of sample before dilution)
= 100/ (Sample size, %)

BOD Test - Seeding

Seeding is often done in BOD test procedure as the
sample may not contain enough microbial population

Seeding does consume extra DO, so a blank is used
to estimate this value

Separate BOD calculations have to be used for (a)
Unseeded and (b) Seeded procedures

Unseeded BOD Test Method
* BODs=

[(DO,; - DO,,) / (Dilution fraction)] mg/I

« DO, - Initial DO of sample after dilution
(mg/1)

DO, - Final DO of sample after incubation,
5 days (mg/1)

Seeded BOD Test Method

+ BODs=

{[(DO,, = DO, ) — (1 - Dilution fraction).(DG, - DOy} / (Dilution
fraction) mg/I

*+ DO, - Initial DO of sample after dilution (mg/l)

+ DO - Final DO of sample after incubation, 5 days (mg/l)
= DOy~ Initial DO of blank (mg/l)

* DOys- Final DO of blank after incubation, 5 days (mg/l)

Example 1: Unseeded BOD Test

For a BOD test, 75 ml of a river water sample is
used in the 300 ml of BOD bottles without
seeding with three repetitions. The initial DO
in three bottles read 8.86, 8.88, and 8.83 mg/I
respectively. The DO levels after 5 days at 20
°C incubation are 5.49, 5.65 and 5.53 mg/I
respectively. Find the 5-day BOD for the river
water.
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Example 2: Seeded BOD Test

A 10 ml sample of sewage mixed with enough
water to fill a 300-ml bottle has an initial DO
of 9 mg/l. After5 days of incubation at 20 °C,
the final DO was measured 2 mg/l. The DO in
blank, which was 9 mg/| at the start of the
test, was measure to be 8 mg/l after 5 days of
incubation. Calculate the BOD5 at 20 °C.

Example 3: Unseeded BOD Test

A 10 ml sample of sewage was mixed with 290
ml dilution water and filled in a 300 m| BOD
bottle. The initial DO is 5 mg/l. For an
accurate test, it is desirable to have at leasta 2
mg/| drop in DO during 5 day run, and the
final DO should be at least 2 mg/I. For what
range of BOD would this dilution produce the
desired results.
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ENCE 3323: Introduction to
Environmental Engineering

Water Quality Management 2

Review of the Last Class Material

« Sources of water pollution
— Pont & Non-point sources
¢ Measuring Oxygen Demand
—ThBOD/ COD / BOD
* Equations involving BOD vs. time
e BOD lab test procedure
— Unseeded
— Seeded

More on Water Quality Mgmt.

« Nitrogenous BOD

¢ DO Sag Curve

* Effects of Nutrients on Water Quality in Rivers
» Water Quality Mgmt. In Lakes

» Solve Problems

* Home Work Assignment

Carbonaceous BOD and Nitrogenous BOD

= Carbonaceous BOD refers to the oxygen demand
exerted by oxidation of carbon in organic compounds

* Nitrogenous BOD refers to the oxygen demand
exerted by the oxidation of ammonia to nitrate (NO;”

)

= Oxidation of ammonia to nitrate is also known as
nitrification

Nitrogenous BOD

= Nitrification is caused by nitrifying bacteria
« NH*+20, € >NOy+H,0+2H*

« NBOD

4x16/14
457gofO,/gN

NHOD

Uintreated Sewsige

Tremsed Sewsge

ROD ML

—— —_— i
% i T w FIGURE4G
ROD curves showing both car-

Time 1y Bonaceous and nitmgences BOD.




2/24/2010

DO Sag Curve

* DO inriver water indicates the health of the
river
DO Sag Curve

SIBEETER: ERHELPS MOREL ¢ DO levels are to be maintained above 4 -5

mg/I to support aquatic life forms

¢ Oxygen demand (BOD) and the oxygen supply
(re-aeration) are considered in understanding

the DO sag
DO Sag Curve DO Sag Curve
E s ¢ Be able to identify various points on the DO
. sag curve
=}
s ° « Initial deficit
L + Critical point
R ; ; :  Critical time
© s 0 18 2% » Critical deficit
Travel Time (d)
Fivare 12, Tupueal DO wag curse
Oxygen Deficit (D) Mass Balance Approach
« Difference between the saturation -dissolved * Mass balance approach is applied to calculate:
oxygen concentration (DO,) to actual dissolved
oxygen concentration (DO) . DO Equation 5.23
* BOD Equation 5.24
* D = DO,-DO « Temperature Equation 5.30
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Initial
Deficit (0,)

- Saturation DO (DO,)

Deficit (1)

DO Concentrution (120)

Dissolved Oxygen, mg/L

Travel Time, d
Fig 5-8: Typical DO sag curve Fig 5-9:0xygen Sag downstream of an organic
source
DO Sag Curve
 Relationship is derived
based on oxygen
utilization and re- dD
aeration =k.L-k D dD
a4 —=-K,L-K,D
» Boundary conditions dt
« Att=0,D=D,L=L,
« Att=t,D=D,L=L
DO Sag Equation with CBOD
(Streeter-Phelps Equation)
K,L
k L _ _ : D:..r.__ﬁéL 10—Kdl _]0*.‘(,1 +D 10—K,1
D_ da (e kdt_e krt)_i_Da(e kr‘r) Kr_Kd( ) ﬂ( )

k, -k,




Deoxygenation Rate Constant

« Is different from the BOD

rate constant; mostly higher A%
» v —stream velocity, m/s H
* n (eta) — bed activity

coefficient

* H-—average depth of

stream, m

» k—BOD rate constant at 20

Deg. C, 1/d

2/24/2010

DEOXYGENATION RATE
CONSTANT at 202C (BASE 10)

v
K, =K+ ——
d [2.31:{”]

Reaeration Rate Constant at 202C
(BASE e)

k= 3.91::'5
H .

REAERATION RATE
CONSTANT at 202C (BASE 10)

B 1Ty

K" - Hl.S

CONVERTING k, OR K, TO
STREAM TEMPERATURE

Kt = KZO 6 T-20
0=1.024

L _ QwLw + QrLr
QW + r
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an{

0.DO, +Q,DO, }
0,+0,

=

— log s 1-D, K &
K=K, K, K,L,

TIME TO CRITICAL POINT
(BASE 10)

Critical Time (t.)

DO Sag with CBOD and NBOD

kL
= D:A —kgt ket i D —k,t
= infrpq-p, &k p o =) D)
k’ _kd kd dea
kL ..
fok e
r "n
Limnology ) aerobic, well mixed) A

Thermocline
(poorly defincd)

| L]

Fig 5-13: Stratification of a lake a) summer b)
winter




Benthic
Zone

~ Light Cumgnnudun Loevel]

Fig 5-14: Biological zones in a lake
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Types of Lakes

Oligotrophic (Clear Water; Low Productivity)
Eutrophic (Turbid; High Productivity)
Mesotrophic (Intermediate productivity)

Senescent (Shallow with rooted plants; this
will eventually turn into marsh)

Effects of Nutrients in Rivers

Nitrogen

— NH3-N in high concentrations is toxic to fish

— NH3 and NO3- promote algae growth

— NH4+ to NO3- consumes high DO

Phosphorous

— Promotes algae growth, which in turn exerts
oxygen demand

Management Strategy: Control nutrients to

limit algal blooms and eutrophication

e

Water Quality - Lakes

Epilimnion (warm, aerobic, well mixed)
Thermocline (poorly defined)
Hypolimnion (cool, anaerobic, poorly mixed)

Oligotrophic lakes (clear water, low
productivity)

Eutrophic lakes (turbid, high productivity)

Water Quality - Lakes

Eutorphication in lakes
What causes, how to control

Acidfication of lakes
Role of air pollution
SO, and NO, emissions from fuel combustion

Algal Growth Requirements

Carbon
Nitrogen
Phosphorus
Trace Elements




“The” limiting Nutrient is P
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Technical Paper Scope, Format, and Suggested Topics
ENCE3323: Introduction to Environmental Engineering

Objective and Scope of the Technical Paper:

Objective of the technical paper to be submitted as part of ENCE 3323 course work is to
demonstrate student’s knowledge and understanding of (1) sustainability and (2) the
contemporary topics that are highly related to sustainability. In the first part of the paper, each
student is expected to define/explain what are “sustainability” and “sustainable societies™ with
respect to human consumption (resources, energy, food, manufactured goods, and more),
multimedia waste generation, economics, and the society. Second part of the paper should
discuss (1) student selected topic, (2) its relationship to sustainability, (3) student’s perception of
problems, (4) and possible solutions to keep the future generations sustainable.

Students are expected to do independent reading/research of the open literature and develop a
good understanding on sustainability and their selected topics. Topics learnt in the classroom
(water resources management, water treatment, water quality management, wastewater
treatment, solid wastes, hazardous wastes, and air pollution) and the sustainability discussions
held should give students a jump start on topic selection.

Format:

The technical paper to be submitted should be five pages in length (8.5” x 117), single spaced,
Times New Roman font of size 12 with 1” margin on all sides. Any literature sited should be
referenced in the text and should be listed at the end of the paper. Any Websites visited should
be referenced with the appropriate URLs and the dates visited. Students are cautioned about
plagiarism and other academic dishonesty, and are further referred to UNO guidelines.

Technical papers will be graded as follows:

Title (should be provocative and create interest among the readers): 5 points
Student understanding/description of sustainability and sustainable society 10 points
Relevance of the selected topic to sustainability: 5 points

Main body of the topic (background, current/future problems,
new trends, possible solutions as seen by others) 30 points

Summary and conclusions (does student agree/disagree with the solutions
offered in the literature; what is the opinion of the student if the
identified problems have to be solved? Evaluation of various solutions
based on the three pillars of sustainability (a) environment,

(b) economics, and (c) society 30 points
References | 10 points
Overall appeal (figures, charts, creativity, articulation) 10 points

Total 100 points
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Introduction
* Particle size distribution (PSD) is the distribution of particles
into different size ranges

e Particle size distribution (PSD) also known as grain size
distribution

¢ To understand the physical and chemical properties of the
material

* We will use CascadeImpactor to carry the PSD

® Cascade Impactor uses the principle of inertial separation to
size segregate particles from a stream

Introduction

e Heavy metals include transition metals, metalloids,
lanthanidesand actinides

o Also called as toxic metals

o Some of these metals (Fe, Co, Cr, Cu, Ni) are necessary for
humans in minute amounts hut excess amounts can be
damaging

o Other heavy metals like Pb, Hg, Pu etc. are toxic even if
present in traces. And their accumulation in organisms may
cause serious illness

Sources of Heavy Metals

A few commonly known sources are:

¢ Cigarette smoking

® Medicinal compounds

® Auto exhaust

* Construction Materials «
® Insulated wiring

® Pesticides, etc.

Equipment

¢ Ambient Cascade Impactor

Equipment

® Innovex X-Ray Fluorescence Spectrometer




Cascade Impactor

It is an eight stage cascade impactor

High sample rate

Separates airborne particles into aerodynamic size classes

Particles are sampled through a series of stacked stages containing
multiple orifices with sequential smaller diameters

Air enters the inlet and cascades through the succeeding orifice
stages with successively higher orifice velocities from stage#0 to
stage#T’

Successively smaller acrodynamic sized particles are inertially
impacted on to the collection media. Particles passing through
stage#7 are collected in the final filter (filtration stage)

The air is drawn into the impactor using a vacuum pump
controlled at constant rate (28.3 ALPM/1 ACFM)

3/25/2010
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Particle Size Range

Pre-separator 10.0 & Above

0 9.0-10.0

1 5.8-9.0

2 4.7-5.8

3 3.347

4 2.1-3.3

S 1.1-2.1

6 0.7-1.1

7 0.4-0.7
Backup Filter 0,0-0.4

Innovex X-Ray Fluorescence
Spectrometer

Innovex X-Ray Fluorescence

Spectrometer
e Works on X-rays

® Emits X-rays from the lens to detect the metals

® Quickly and easily quantifies the elements over a wide
dynamic concentration range

e Itsis accurate and quicker than many other elemental analysis

® Can also be used as handheld device (Portable)

® Idecally suited for field analysis of allgys, lead based paints,
environmental soils, filters, forensics, archacometry ete.

¢ AnIPAQ (handheld computer)is provided to read and store
the data. Data can be transferred from the IPAQ to the
computer for further analysis
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Innovex X-Ray Fluorescence
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Table 1: Results from the Cascade
Impactor
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Standardization
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1/2
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Table 3: Summary Results of XRF
(Units: microgram per square centimeters)

3/25/2010
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Aerage

2/1

2/2

2/3

2/4

2/5

Average

FL | avo | 1654 | 060 | 187 | 670 | 689 | om8 | 197 | sans | 1o | 29
F2 AVG 19.14 0.60 0.64 in 9.44 074 1.64 62.14 0.69 2.46
F3 AVO 1875 047 ¥ 1o 65.49 0.58 1.61 61‘,2‘2 053 218
F4 AVG 19.03 054 139 7.21 0.53 1.58 6038 061 2.26
FS AVG 19.60 0.52 0.86 6.04 0353 1.5% 61.63 0.54 209
F6 AVG 2032 0.46 0.5 591 0.56 1.51 62.85 0.59 204
F AVG 0.7 049 4.45 1.59 62.7% 0.49 207

AVG 1879 0.53 461 067 1.50 6239 0.54 12

R e s

Table 4 : Mass of Pollutants (grams)

Fé6

F8

Graphs

+ Plot a graph with Particle size (ECD) on x-axis
and Cumulative % less than size range on Y-axis

+ Also plot the above on Log normal graph
» Plot Particle size (ECD) on x-axis and Mass of

Pollutanton Y axis. ( Keep all the pollutantsin
the same graph)

To be completed

« Complete the PSD table: Table 1
« Do not worry about Table 2

« Table 3 is provided

« Finish Table 4

« Compute emission rates of each pollutant

Lab Reports

Need to submit a full report which includes

« Title

« Objective

« Equipment Used

» Procedure

« Results ( All tables and a sample calculation)
« Graphs

« Discussions




Donald Jerolleman
Intro. to Environmental Engineering
Spring 2010
Lab 1: Air Quality - Particle Types, Concentration, and Sizes



- Objective:

Our experiment will take an air sample during the process of cutting masonry block
and indentify the concentrations, types, and size of some of the dust particles
present. The particles tested for are heavy metals which include, transition

metals, metalloids, lanthanides, and actinides (also called toxic metals). The data
will then be used to create a particle size distribution (PSD) chart, mass of pollutant
chart, particle size (ECD) verse cumulative percent less than size range graphs, and
particle size (ECD) verse mass of pollutant graphs.

- Equipment Used:

- Procedure:

- Discussion:

- Innovex X-Ray Fluorescence Spectrometer
- Laptop and Spectrometer Software

- Masonry Block

- Masonry Circular Saw

- Small, Unventilated room

- Ambient Cascade Impactor

- Set up sample, saw, and Ambient Cascade Impactor

- Observe safety precautions for personnel (eg. masks, goggles, etc.)

- Cut sample while taking air samples {10 min)

- Clean up area to prevent possible exposure to individuals who may enter area later

- Carefully remove filters anc fold.in half twice to crate a cone look (this prevents loss
of contaminants e i

- Carry out X-ray analysis (5-8 times per filter)

- Log data and perform calculation

Based on the results, the particles are composed of very dangerous metals. The
highest concentrations appear to be Zn (Zinc - by far the largest), Ba (Barium), and Fe
(Iron) respectively.

Unfortunately, | do not have the knowledge or the information to make any claims
as to the risks posed by these concentrations found.



. Miscellaneous Notes -
P.re-Separat_or. 10 & above BiiAFmes . o 10 min
0 910 0307 0.418 0111 | 7070% 29% 9
1 | s58-9 0.335 0.339 0.004 2.55% 27% 58 A
2 47-58 0336 0345 0.009 5.73% 21% 47 Blaorhiter e 42
2 3.3 -4.7 0335 0.349 0014 8.92% 12% 33
4 21-33 0333 0341 0.008 5.10% 7% 2.1 SEany Hkas
= 1121 0.331 0.336 0.005 3.18% 4% 11
6 07-11 | 0336 0335 | 0003 | 191% 2% 07 e i
o 0.4-0.7 0.31 0313 0.003 1.91% 0% 0.4
VIV 0157 | 100.00%
~ Microgram per. T
Filter 1
Filter 2 avg 19.14 0.60 0.64 272 9.44 074 1.64 62.14 0.69 246
Filter 3 avE 18.75 0.47 0.00 110 6.49 058 161 61.22 0.55 218
Filtera_ aVE 19.03 0.54 0.00 139 721 0.53 158 60.38 0.61 2.26
Filter 5 e 19.60 0.52 0.00 0.86 6.04 053 155 61.63 0.54 2.09
Filter6 avg 2032 0.46 0.00 051 5.01 0.56 151 62.85 0.59 214
Flterz | awe 20.70 0.49 0.00 0.00 4.45 0.00 1.59 6278 0.49 2.07
Fitera] g 18.79 053 0.00 0.00
 Mass of Pollutant. _ B
Filter 1 : avg 293.1
Filter 2 ave 339.2 106 113 48.2 167.3 131 291 1101.2 122 436
Filter 3 avE 3323 83 0.0 195 1150 103 285 1084.9 5.7 386
Filter 4 avg 337.2 96 00 246 1278 94 280 1070.0 108 400
Filter 5 ave 347.3 9.2 0.0 152 107.0 94 275 1092.1 96 37.0
Filter 6 avg 360.1 8.2 0.0 9.0 104.7 9.9 268 11137 105 37.9
Filter 7 ave 3668 87 0.0 0.0 78.9 0.0 28.2 11125 8.7 %
Filter 8 avg 333.0 9.4 0.0 0.0 81.7 11.9 26.6 1105.6 9.6 376
Sum 77089 756 245 736.9 10817 756 7295 8651.0 890 3339




Particle Size
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Chapter 7: Air Pollution HA Problems

Problems: 7.12, 7.15, 7.19, 7.21, 7.24 and Following

20.1 For an emission rate of 200 g/s, an effective stack height of 80m, Call C stability, and a wind
speed at stack height of 8 m/s, calculate the ground-level concentration of a nonreactive pollutant: (a)
1000 m directly downwind; and (b) 5000 m directly downwind.

20.3  On a clear night with a surface wind speed of 2 m/s, 50 g/s of a nonreactive pollutant is released
at ground level (H=0). Calculate the ground-level concentration: (a) 500 m directly down-wind and
(b)1000 m directly downwind.

20.4 At noon on a summer day with a surface wind speed of 4 m/s, SO2 is released over rough terrain
from a 90 m stack at a rate of 400 g/s. Assume that the plume rise is 60 m. Calculate the ground-level
concentration: (a) 3000 m downwind; (b) 3000 m downwind and 100 m crosswind; and (c) 3000 m
downwind and 500 m crosswind.
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Air Pollution Control
Basic Terminology

1. Normal air Composition

Gas Concentration (PPM)
Nitrogen 780,900

Oxygen 209,400

Argon 9,300

Carbon dioxide 315

Neon 18

Helium 52

Methane 1.0-12

Other trace gases include:

Krypton

Nitrous oxide
Hydrogen
Xenon

Nitrogen dioxide
Ozone

2. Ambient Air
Out side air (not enclosed)
3, Global Warming

CO,, methane, nitrous oxide, CFCs

Heat retention capacity of the atmosphere

Short wave radiation and long wave radiation

Transparent to incoming radiation and opaque to out going
radiation



Effects

Flooding, Loss of Wetlands, Disappearance of low-lying countries like
Bangladesh, Egypt, and Netherlands, Changes in Crop Pattern, Sea
Level Rise.

4. Green House Effect

e CO, and water vapor
o Heat retention capacity of the atmosphere

5. Ozone Hole

CFCs, inert in lower atmosphere and breakdown in the stratosphere
releasing Cl, atoms. Cl, and other radicals remove stratospheric
ozone.

Effects:

Skin cancer, reduced crop yield due to incoming UV radiation from
Sun.

6. Emission Factor

Pollutants expressed as mass/mass of product or mass/mass of raw
materials used in the process.

7. Emission Rate

Mass rate of pollutants per unit time.

8. Emission Standard

A limit on how much pollutant a facility can emit into the atmosphere.
9. Stack

A physical structure (long pipe) through which industrial flue gases
are discharged.



10. Stack Emissions
Emissions through Stack.
11. Fugitive Emissions

Equipment leaks, leaks from valves, fittings, emissions escaping
through process buildings etc.

12. Ambient Air Quality Standards

A limit on ambient air quality decided based on the health risk criteria.
13. CAA

Clean Air Act. CAAA - Clean Air Act Amendments of 1990.
Administered by EPA with the help of state pollution control boards.

Title | Provisions for Attainment and Maintenance of National Ambient
Air Quality Standards

Title Il Provisions Relating to Mobile Sources
Title 1lI Hazardous Air Pollutants

Title IV Acid Deposition Control

Title V Permits

Title VI Stratospheric Ozone Protection

Title VI Provisions Relating to Enforcement

Title VIII  Miscellaneous Provisions

Title IX Clean Air Research

Title X Disadvantaged Business Concerns

Title XI Clean Air Employment Transaction Assistance

14. Acid Rain
Mainly caused due to increased SO, and NOy in ambient air.

Effects:



Decreased crop yield, fish kill, hazard to human health/safety,
damage to property (e.g. corrosion of buildings, bridges),

15. Criteria Pollutants

A pollutant for which a National Ambient Air Quality Standard
(NAAQS) has been established.

Primary Criteria Pollutants

Particulates (PM10)
Sulphur dioxide
Nitorgen dioxide
Carbon monoxide
Particulate lead

Secondary Criteria Pollutants

Ozone

16. NAAQS

National Ambient Air Quality Standards

17. NSPS

New Source Performance Standards

Emission standards for specific new and modified sources based on
best available control technology (BACT).

18. SIP

State Implementation Plan. Document prepared by states and
submitted to EPA for approval. The document identifies state's

prgorams and to implement its responsibilities under CAA.

19. PM10



Particulate matter less than 10 micron size.

20. EPA

The United States Environmental Protection Agency.
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CHAPTER 10
SOLUTIONS

10-1 Lifetime CDI for occupational exposure to Cr(VI)
Given: Concentration = 0.05 mg/m’, exposure = 8 h/d for age 18 to 65, 5 d/wk, 50 wk/y
Solution:

a. Exposure = (65-18) = 47 years

3

b, Thalatian e = . =055 wilk

c. Using the inhalation form of the equation in Table 10-8

(0.05mg/m* {0.833m? /h )8 h/d)(5 d/wk)(50 wk/y)(47y)
(70kg)(70y)(365d)

CDI =

CDI=2.2x 107 mg/kg « d
10-2  CDI for sulfur dioxide
Given: NAAQS =80 ug/m3, lifetime (24 h/d, 365 d/y), average adult.
Solution:

a. Using the assumptions in Table 10-8

op; - B0ke/m’ J20m*/d)365d/y)(70y)
(78kg)(70y)(3654d)

CDI =20.51 pg/kg» d or 2.05x 10° mg/kg * d
10-3 Comparison of adult and child CDI for nitrate
Given: Drinking water at 10 mg/L, one year averaging time, 1 year old child.
Solution:
a. Using Table 10-9 values for 1 year old child
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_ (1omg/L)1L/d)365d/y)1y)
= lke )1y )(3654y)

CDI=0.625 mg/kg * d
b. Using Table 10-9 for an adult

10mg/L)(2L/d)(365d/y)(ly)

i
b= (65.4kg)(1y)(365d/y)

CDI=0.31 mg/kged
10-4  Ingestion of soil with 2, 4-D

Given: Soil concentration of 2, 4-D = 10 mg/kg, child = 3 years old, adult, 1 year
averaging time, 1 d/week, 20 weeks/y, FI=0.10

Solution:

a. Using Table 10-9 values for 3 year old child

cpj  (10me/kg)(200 mg/d)(107° kg/mg)0.10)(1d/wk)(20 wk/y)(1y)
(16kg)(1d/wk)(20 wk/y)(1y)

CDI=1.25x 10° mg/kg * d

b. For adult

cpj - 10me/ke)( 00mg/d)(10™* kg/mg)0.10)(1d/wk)(20 wk/y)(1y)
(70kg)1d/wk)(20 wk/y)1y)

CDI=1.43x 10° mg/kg + d
10-5 Estimating chronic daily intake

Given: Adult female consumes water, bathes 20 min/d and does not swim is exposed to
toluene at drinking water limit.

Solution:
a. Routes of exposure are:
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10-3

1. Ingestion of drinking water
2. Dermal contact with water during bath
3. Inhalation during bath

b. Drinking water standard is 1.0 mg/L

c. Ingestion (Eqn 10-10)

1.0mg/L)(2.3L/d)365d/y)70y)

_
cbi= (65.4kg)(70y)(365d/y)

CDI=3.52x 102 mg/kg *d
d. Dermal contact (Eqn 10-12). NOTE: 80% submergence, PC =9.0 x 10® m/h, and

_ 20min/d

ET =
60min/h

=0.3333h/d

(1.0mg/L)(1.69m? )9.0x10 m/h)0.3333h/d)(365d/y)(70y)10° L/m* )
(65.4kg)(70y)(365d/y)
AD = (7.75 x 10%)(0.80) = 6.20 x 10° mg/kg « d

AD=

(0.80)

e. Inhalation during bath (Eqn 10-15). NOTE: IR = 20 m®/d = 0.8333 m’/h

(1.0png/m’* 10~ mg/ug)0.8333m’ /n}0.3333h/d)(365 d/y)(70y)
(65.4kg)(70y)(365d/y)

CDI =

CDI=4.25x 10° mg/kg « d

f. Total CDI
CDI=3.52x102+620x 10° +4.25x10%=3.53 x 10
or3.5x 10° mg/kg-d

Estimating chronic daily intake

Given: Child exposed for 5 years to 1,1,1-trichloroethane at drinking water limit. She
swims, bathes. Average age is 8 years over exposure period.

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual

may be displaved, reproduced or distributed in any form or by any means, without the prior written permission of

the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their
individual course preparation. If you are a student using this Manual, you are using it without permission.




10-4

Solution:
a. Routes of exposure are:
1. Ingestion of drinking water
2. Ingestion while swimming
3. Dermal contact while swimming
4. Dermal contact with water during bath
5. Inhalation during bath
b. Drinking water standard is 0.2 mg/L.
c. Ingestion of drinking water (Eqn 10-10)

0.2mg/L)(1.0L/d)365d/y)(Sy)

X
= k) y 365 dy)

CDI=7.69 x 10~ mg/kg + d
d. Ingestion while swimming (Eqn 10-11)

_ 30min/wk _ w
T= 60min/h 0.5h/wk
0.2mg/L)(50mL/h)(10~ L/mL)0.5h/wk )52 wk/y)(Sy)

_
CDI = (26kg)(5y)(365d/y)

CDI=2.74 x 10”° mg/kg * d

e. Dermal contact while swimming (Eqn 10-12). NOTE: Assume 100% of body is
exposed during swimming (a bit high but no other data given) PC = 6.0 x 10 m/h, and

_ 30min/wk _ N
= 60min/h 0.5h/wk
(0.2mg/L)(0.925m?)6.0107* m/h )0.5h/wk)(52 wk/y)(5y)(10° L/m*)
(26kg)(5y)(365d/y)

AD =
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AD=3.04x 10° mg/kg+ d

f. Dermal contact while bathing (Eqn 10-12). NOTE: 50% submergence, PC = 6.0 x 107

m/h, and
pr = 10mind _ o 1 667h/d
60min/h
ap< 02 mg/L)(0.925m2)6.0x10™ m/h)0.1667 h/d)(365d/y)(5y)(10° L/m’) (0.50)

(26kg)(5y)365d/y)
AD = (7.12 x 10)(0.50) = 3.56 x 10 mg/kg » d

g. Inhalation during bath (Eqn 10-15). NOTE: IR = 5 m’/d = 0.2083 m’/h

(1.0pg/m* 107 mg/pg)0.2083 m* /h )0.1667 h/d)(365d/y)(5y)
(26kg)(5y)365d/y)

CDI=

CDI = 1.34 x 10° mg/kg « d
h. Total CDI
CDI=7.69% 107 +2.74x 10° +3.04 x 10° +3.56 x 10 + 1.34 x 10
CDI=1.43 x 10? mg/kg * d
10-7 Hexavalent chromium risk
Given: Data in Problem 10-1
Solution:

a. The slope factor for Cr(VI) from Table 10-5 is 42 kg » d/mg. From Problem 10-1 CDI
=2.2x 10° mg/ kg * d. The risk is then:

Risk = (2.2 x 10”° mg/ kg * d)(42 kg » d/mg) = 9.24 x 107
b. This is greater than 0.01 so the risk must be calculated with Eqn. 10-18:

Risk = 1 — exp[9.24 x 10?] = 8.83 x 107 or 0.09
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10-8  Concentration of hexavalent chromium = 107 risk
Given: Standard assumptions
Solution:
a. Using the slope factor from Table 10-5, calculate the CDI
risk = (SF)(CDI)
10” = (42 kg * d/mg)(CDI)
CDI=2.38x 107 mg/kg  d

b. Using assumptions from Table 10-9

(CA)20m?/d)365d/y)(70y)

2.38x107" mg/kg-d =
/ (78ke)(70y)365d/3)

CA=9.28x 10" mg/m’
10-9  Characterize risk
Given: toluene, barium, and xylenes
Solution:

a. These are not carcinogens so calculate hazard index using Eqn 10-19 and 10-22 and
Table 10-6

1y 003 0.06 03
02 005 2.0

HI=015+12+015=15
10-10 Characterize risk
Given: tetrachloroethylene, arsenic, dichloromethane
Solution:

a. These are all carcinogens so calculate risk using Eqn 10-17 and 10-20 and slope factors
from Table 10-5
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Risk = (1.34 x 10%)(0.052) + (1.43 x 107)(1.5) + (2.34 x 10(0.0075)
Risk =2.15 X 10
10-11 Identifying RCRA hazardous waste
Given: Municipal wastewater containing 2.0 mg/L of selenium
Solution:
a. Municipal wastewater containing 2.0 mg/L of selenium is
not a RCRA hazardous waste
because municipal wastewaters are excluded (Figure 10-6)
10-12 Identifying RCRA hazardous waste
Given: An empty pesticide container that a homeowner wishes to discard
Solution:
a. An empty pesticide container that a homeowner wishes to discard
is not a RCRA hazardous waste
because household waste is excluded (Figure 10-6)
10-13 Fluorescent light bulb storage
Given: 250 kg/mo of light bulbs
Solution:

a. From http://www.gpoaccess.gov

Click on Code of Federal Regulations

Search under “Browse and/or search the CFR”
Under Titles column select 40

Select July 1 for current year

In 2006 select the range 266-299
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Then select 273 Standards for universal waste

Then select 273.15 (accumulation time limits) for answer

The answer (in 2006) is 1 year

Alternatively, search by CFR code (40CFR273.15) at the browse step
10-14 TCE Evaporation Loss

Given: 590 kg/wk of TCE added, never dumped, drag out =3.8 L/h, 8 h/d, 5 d/wk
operation, sludge = 1.0% of incoming TCE, density = 1.460 kg/L

Solution:
a. Mass balance diagram

Evaporation = 7

T

590 kg/wk ——» —» 3.8 L/h

|

1% of in
Figures S-10-14: Mass balance

b. Sludge mass

Miudge = (0.01)(590 kg/wk) = 5.9 kg/wk
¢. Drag out

Mrag out = (3.8 L/h)(8 h/d)(5 d/wk)(1.460 kg/L) = 221.92 kg/wk
d. Mass balance

Mevaporation = 590 — 221.92 — 5.9 = 362.18 or 360 kg/wk
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10-15 Mass flow condensate tank
Given: Flows and concentrations
Solution:
a. Mass flow into stripper (Sample location #1)
(5,858 mg/L)(40.5 L/min)(1,440 min/d)(10°® kg/mg) = 341.63 kg/d
b. Mass flow in wastewater (Sample location #2)
(0.037 mg/L)(44.8 L/min)(1,440 min/d)(10® kg/mg) = 0.002386 kg/d
c. Mass flow from vent

GMW of methylene chloride (from Appendix A, Table A-8, note that methylene
chloride = dichloromethane) = 84.93 g/mole

Volumetric flow rate of gas = (57 L/min)(0.4413) = 25.154 L/min
Assuming ideal gas law applies

PV (101.325kPa)(25.154 L/min)

=_ " = =1.046 moles
RT  (8.3143J/K-mole)(293K)

Mass flow
(1.046 moles)(84.93 g/mole)(1,440 min/d)(107 kg/g) = 128.03 kg/d
d. Mass balance
Mass in = Mass out WW + Mass out vent + Mass to condensate
Mass to condensate = Mass in - Mass out WW - Mass out vent
Mass to condensate = 341.63 - 0.002386 - 128.03 =213.59 kg/d
10-16 Efficiency of vent condenser
Given: Problem 10-15

Solution:
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a. Efficiency

Efficiency = IN_TOUTX 100%

Efficienay = 341.63 - 0;;012226 —-128.03 %100%

Efficiency = 62.5% Not very efficient!
10-17 Amount of lime to neutralize HCI and TDS formed
Given: Flow of 5 L/min containing 100 mg/L of HCl
Solution:
a. Write reaction

2HCl+ Ca(OH), — 2H,0+ CaCl,

b. Gram molecular weights
GMWycr = 36.5 g/mole
GMW caony2 = 74 g/mole
GMWcacp = 111 g/mole
c. Molar flow of HCI

(100mg/L)(5L/min)
(1000mg/g)(36.5 g/mole)

=0.0137 mole/min

d. Molar flow of lime to neutralize

From the reaction in "a" one mole of lime will neutralize two moles of HCl or 1/2
mole of lime will neutralize one mole of HCI or 1/2(0.0137) = 0.006849
moles/min of lime

e. Mass flow of lime

(0.006849 mole/min )(74 g/mole)(1440 min/d)
(1000g/kg)
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f. Total dissolved solids
TDS = moles of CaCl, formed
TDS = 1/2 moles of HCI destroyed = 0.006849 moles/min
In mg/L

(0.006849 moles/min)(111g/mole)(1000mg/g)
(5L/min)

=152mg/L

10-18 Amount of sulfuric acid to neutralize NaOH and TDS formed
Given: Flow of 200 L/min containing 15 mg/L of NaOH
Solution:

a. Write reaction

2NaOH + H,SO, — 2H,0 + Na,S0,
b. Gram molecular weights

GMWyaon = 40 g/mole

GMWh3s04 = 98 g/mole

GMWnazsos4 = 142 g/mole
c. Molar flow of NaOH

(15mg/L)(200L/min)
(1000mg/g )40 g/mole)

=0.075mole/min

d. Molar flow of sulfuric acid to neutralize

From the reaction in "a" one mole of sulfuric acid will neutralize two moles of
NaOH or 1/2 mole of sulfuric acid will neutralize one mole of NaOH or
1/2(0.075) = 0.0375 moles/min of sulfuric acid

e. Mass flow of sulfuric acid
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(0.0375 mole/min )(98 g/mole)(1440 min/d )

=5292ke/d
(1000 /kg) g/

f. Total dissolved solids
TDS = moles of Na,SO4 formed
TDS = 1/2 moles of NaOH destroyed = 0.0375 moles/min
In mg/L

(0.0375mole/min (142 g/mole)(1000mg/g)
(200L/min)

=26.625mg/L

10-19 Estimated pH of bath mixture

Given: 1500 L of 5.00% H,SO4 by volume, 1500 L of 5.00% NaOH by weight, Specific
gravity of H,SO4 = 1.841, H,SOy purity = 96%, NaOH purity = 100%

Solution:
a. Calculate moles of HoSO4
(1500 L)(0.05) = 75.0 L pure
at 96% purity
(75.0L)(0.96)=72.0 L
at 1.841 kg/L the mass of H,SOy is
(72.0 L)(1.841 kg/L) =132.55 kgor 132,552 g
moles of H;SO4

132,552¢

=1,352.57moles
98 g/mole

b. Calculate moles of NaOH (5.00%)
(1500 L)(0.05)(1.0 kg/L) = 75.00 kg or 75,000 g of NaOH

moles of NaOH
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75,000g
40g/mole

=1,875moles

c. Strong base — Strong acid reaction
H,SO, + 2NaOH — Na,SO, +H,0
So, 2705.14 moles of NaOH are required to neutralize 1352.57 moles of H,SO4
And 1352.57 moles of H,SO4 forms 1352.7 moles of Na;SOq4

Thus there is an excess of H' equal to

2705.14 moles required — 1875 moles available
=830.14 moles of H' in excess
d. The estimated pH is then

830.14moles- H™
3000L

=0.277 mole/L

1
H =logl —— |=0.558 or 0.56
F g(O.Z'??]

e. TDS formation is result of Na;SOy
f. The estimated TDS

2 moles of NaOH form 1 mole of Na;SO4

1? =937.5 moles of Na;SO4 formed

Excess acid of 830.14 moles H forms

il =415.07 moles H>SO4

. (937.5moles - Na,SO, )(142 g/mole) + (415.07moles - H,SO, )98 g/mole)
- 3000L
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TDS = 57.93 g/L or 57,933 mg/L or 58,000 mg/L
10-20 Reaction to oxidize sodium cyanide
Given: NaCN to be oxidized with NaOCl
Solution:
a. Using two step reaction as in Eqns. 10-23 and 10-24
NaCN + NaOCl — NaCNO + NaCl

2NaCNO +3NaOCl+ H,0 — 3NaCl+ N, + 2HaHCO,

10-21 Reaction to oxidize cyanide with ozone
Given: Ozone to oxidize NaCN
Solution:

a. First step

NaCN + 0O, - NaCNO +0,

b. Second step

2NaCNO + 0, +H,0 — 2NaHCO, + N,

10-22 Reaction to reduce hexavalent chromium
Given: Cr®* to be reduced with NaHSO;
Solution:

a. Using two step reaction and redox balance

NaHSO, +H,0 — NaOH + H,S0,

Cr,0, +3H,80, = Cr, (SO, ), +4H,0

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
may be displayed, reproduced or distributed in any form or by any means, without the prior written permission of
the publisher, or used bevond the limited distribution to teachers and educators permitted by McGraw-Hill for their

individual course preparation. If you are a student using this Manual, you are using it without permission.




10-15

10-23 Hydroxide concentration and pH to precipitate copper
Given: copper concentration to be reduced to 1.3 mg/L, K, = 2.00 x 10"
Solution:
a. Reaction

Cu + 20H — Cu(OH),

b. Gram molecular weight

GMW of Cu = 63.54 g/mole
c. K, equation

Ksp = [Cu][OH]* = 2.00 x 10"

d. Solving for [OH]

B 71%107" 112
(oH)= [(1.3mg/L)(103 g/mg)(63.54g/mole)}

[OH] = 1.56 x 10” mole
e. Estimate of pH
pOH = -log [OH] = -log [1.56 x 10-9]
pOH = 8.81
pH=14-pOH=14-8.81=5.19
10-24 pH and dose of lime to achieve standard
Given: Q = 100 L/min, 50.0 mg/L Zn in solution, standard = 2.6 mg/L
Solution:

a. Calculate final desired zinc concentration in moles/L

[zn] 2.6mg/L

= =3.98x107° mole/L

65.4%10° mg/mole
PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
mayv be displaved, reproduced or distributed in any form or by any means, without the prior written permission of
the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their
individual course preparation. If you are a student using this Manual, you are using it without permission.




10-16

b. From Table in Appendix A
K, for Zn(OH), = 7.68 x 107"
c. From solubility product equation
7.68 x 1017 = [Zn][OH]* = (3.98 x 10”*)[OH]
[OH] = (1.93 x 10"%)"*=1.39 x 10 mole/L
d. Calculate pH
pOH = -log(1.39 x 10°) = 5.86
pH =14.00 - 5.86 = 8.14
e. Estimate dose of hydrated lime (Ca(OH),)

Zn+Ca(OH), — Zn(OH), + Ca

GMWz, =654
GMWcaonyp = 74
Zinc to be removed
50.0 mg/L - 2.6 mg/L = 47.4 mg/L
Moles to me removed

47.4mg/L
65.4x10° mg/mole

=7.25x107* mole/L

Dose of lime
Because 1 mole of lime reacts with 1 mole of Zn
(7.25 x 10™ mole/L)(74 g/mole)(100 L/min) = 5.36 g/min
10-25 Volume reduction with filter press and dryer

Given: 1.0 m*/d of metal plating sludge with solids concentration of 4%; filter press
vields solids concentration of 30%; dryer yields solids concentration of 80%.
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Solution:
a. Filter press volume

Using Eqn. 4-122 and solving for ¥,

¥, 004
1.0m*/d 030

¥, =0.133 m’/d
b. Dryer volume

¥, 030
0.133m*/d  0.80

3, =0.05 m*/d

10-26 Change in ferrocyanide concentration after filter press

Given: Problem 10-25, ferrocyanide concentration of 400 mg/kg at 4% solids

Solution:

a. The concentration of Fe-CN is the mass of Fe-CN divided by the mass per unit volume
of solids. If the Fe-CN is part of the precipitate, then the reduction in solids volume
will increase the Fe-CN concentration.

b. Set up mass balance

(FE'CNin)(Qin) = (FG'CNout)(Qout)

¢. Solve for Fe-CNyyt

_ (400 mg/kg)(1.0m3/d)

Fe—CN
o 0.133m’/d

=3000mg/kg

10-27 Design packed tower stripper for Oscoda, MI

Given: Design and operating parameters
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Solution:

a. Calculate water flow (L) from gas/liquid ratio (G/L)

_ gas-flow -rate _ 60m’/min

" ratio 18

liguid

L =3.33m’/min

b. Find volume of tower (Z1)(A) using Eqn. 10-26

First computing the numerator

-5
1 6000 _ (3.33)(8.206x10 )(298)(6000“@ 8069
15 (60)(6.74x107) L5

Next computing the denominator

(3.33)(8.206x10}298)) _
(0.720)(1— 60¥6.74x10°) J_0.5749

8.069
0.5749

=46.787m’

(z,.)A)=3.33

¢. Assuming a maximum column height (Z1) of 6 m

_ 46.787m’
6m

A =7.798m*

d. Calculating a diameter

d=[(i)(129—8)J1/2 ~3.15m

NOTE: other column height/diameter combinations are possible within the constraints
that Zr<6mandd <4 m

10-28 Design packed tower stripper for Watapitae
Given: Design and operating parameters

Solution;
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a. Find volume of tower (Z1)(A) using Eqn. 10-26

First computing the numerator

440 (0.22)8.206x107°)293)( 440 ] _
11{ 02 (15)100x10™) (0.2 _IH =766

Next computing the denominator

(13.5%10° 1_(0.2.2)(8.206><10—_5)(293) o) O
(15)100x10™")

7.66 129 4’

Z )JA)=022——=
(2:)A) 0.013024
b. Assuming a maximum column height (Z1) of 6 m

B 129.4m’
6m

A =21.566m’

c. Calculating a diameter

d= [M]I/Z =5.24m

This exceeds the maximum column diameter of 4 m.

d. Assuming a maximum column diameter of 4 m

(4.0)°

A= =12.566m?

e. Recalculating column height

_1294m’

T = -=10.29m

12.566m
This is too tall for one column but two columns in series each with a height of
5.15 m would work. NOTE: other column height/diameter combinations are
possible within the constraints that Zr <6 m and d <4 m.
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10-29 Packed tower stripping of ethylbenzene

Given: LaGrega form of stripping equation, He = 6.44 x 107 m*-atm/mole, T,=20°C, L
=713 L/, Ka=1.6x 102 s, column diameter < 4.0 m, column height <6.0 m

Solution:
a. Converting liquid flow rate to mole/s

Mass rate = (1.0 kg/L)(7.13 L/s) =7.13 kg/s

Molar rate =

3
(7.13ke/s)10" g/kg) _ 396.11mole/s
18g/mole

b. See following spreadsheet calculations

G 1000 pg/m’

&, 35 pg/m’

H. | 6.44E-03 m’ - atm/mole

Ty 20°C = 293.15 K

R 8.21E-05 atm-m®mole-K
Kia| 1.60E-02s

M,, 55600 moles/m®

L 396.11 moles/s

Assume values for diameter and air flow rate

Diameter Tm
Cross sectional area | 0.7853975 m?

Air flow rate 8000 moles/s
Compute H'

H' = 2.68E-01

Compute Ry
Rg¢=  5.4067792

Compute height of transfer unit
HTU=  5.67E-01
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Number of transferr units
Rg/Rsf-1= 1.2269231

C./C, = 28.571429
Rsf -1 = 4.4067792
NTU = 3.86E+00
Z= 2.19E+00 m
Plus 20% = 263 m

Note: numerous solutions are available depending on the choice of G and
diameter. Some are shown below.

For the followigg diameters with air flow rate = 8000 mole/s

z
0.5m 10.5 m |Too tall for specification
20m 0.66 m |Columns are normally have Z>dia. This height is not very practical

3.0m 0.24 m |Columns are normally have Z>dia. This height is not very practical
40m 0.14 m |Columns are normally have Z>dia. This height is not very practical

For the follwing air flow rates with diameter = 1.0 m

Z
2000 moles/s 525 m
4000 moles/s 3.12m
10000 moles/s 255 m
20000 moles/s 241 m

10-30 Ion exchange column for nickel

Given: laboratory scale column data and corresponding breakthrough data

Solution:

Begin by calculating the coefficients using the laboratory scale data
a. Calculate the equivalent weight of Cy

Equivalent weight = % =29.35mg/meq

55mg/L

=——————=187meq/L
29.35mg/meq a/

0

b. Calculate the quantity (Co/C) - 1 as shown in following table
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Volume [L]| C [mg/L] | C [meg/L]| C/C, ColC (Co/C)-1
0.16 4.23 0.144123] 0.076909 | 13.00236
0.32 514 0.175128 | 0.093455 | 10.70039 | 9.700389
0.48 10.03 | 0.341738 | 0.182364 | 5.483549 | 4.483549
0.64 16.65 0.567291 | 0.302727 | 3.303303 | 2.303303
0.8 23.62 0.80477 | 0.429455| 2.328535 | 1.328535
0.96 29.54 1.006474 |1 0.537091 | 1.861882 | 0.861882
1.12 35.46 1.208177 | 0.644727 | 1.551043 | 0.551043
1.28 39.04 1.330153 ] 0.709818 | 1.408811 | 0.408811
1.44 44.04 1.500511 | 0.800727 | 1.248865 | 0.248865
1.6 49.54 1.687905 | 0.900727 | 1.110214
1.76 53.32 1.816695 | 0.969455 | 1.031508 | 0.031508
1.92 54.14 1.844634 | 0.984364 | 1.015885 | 0.015885
2.08 53.22 1.813288 | 0.967636 | 1.033446 | 0.033446

c. Plot the data on semi-log paper as shown below.

hProblem 10-30 Nickel lon Exchange

100 |
- 10 —
© g
Q L
S 1L \
-0.5 0 0.5 1 1.5 2
Volume [L]

Figure S-10-30: Nickel ion exchange
d. From equation of trendline

b=1n20.18=3.00

e. From equation of trendline

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
may be displayed, reproduced or distributed in any form or by any means, without the prior written permission of
the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their

individual course preparation. If you are a student using this Manual, you are using it without permission.




10-23

slope =-3.1502 B
f. Calculate k

7.68L/d

=12.94L/d -me
1.87meq/LJ / &

k= (3.1502)(

g. Calculate the dry weight of resin in the test column
M=(52g)(1-0.17)=4.316 ¢
h. Calculate qg

(3.00)(7.68)

= _BO0NT68) _ 44105
%0 = 112.94)(4.316) P

i. Now calculate the mass of resin for the full scale system

Using the influent and allowable effluent concentrations, calculate the left hand
side of Equation 10-27

ln(i -1]=3.00
2.6
The first term on the right hand side of Eqn 10-27 is

(12.94L/d- mqu)go(.;;loﬁ meq/mg)(M) _1.48x10~ (M)

where M is the unknown quantity of resin required
The operating cycle of 5 d and flow rate of 36,000 L/d gives
¥ =(36,000)(5) = 180,000 L
The second term on the right hand side of Eqn 10-27 is

(12.941/d - meq)(1.87)180,000) _, o o
36,000

Solving Eqn 10-27 for M
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3.00=148x 10° (M) - 1.21 x 10°

M =8.38 x 10° g or 840 kg

10-31 Ion exchange column for silver

Given: laboratory scale column data and corresponding breakthrough data

Solution:

Begin by calculating the coefficients using the laboratory scale data

a. Calculate the equivalent weight of Cy

Equivalent weight = g =108 mg/meq

0

b. Calculate the quantity (Co/C) - 1 as shown in following table

_ l0mg/L
108 mg/meq

=0.0926 meq/L

Volume [L]| C [mg/L] | C [meg/L]| C/C, Co/C (ColC)-1
0.3 0.01 0.00 0.001 1000.00 | 999.00
0.4 0.02 0.00 0.002 500.00 499.00
0.5 0.04 0.00 0.004 250.00 249.00
0.6 0.08 0.00 0.008 125.00 124.00
0.7 0.16 0.00 0.016 62.50 61.50
0.8 0.31 0.00 0.031 32.26 31.26
0.9 0.61 0.01 0.061 16.39 15.39
1.0 1.15 0.01 0.115 8.70 7.70
1.1 2.00 0.02 0.200 5.00 4.00
1.2 3.33 0.03 0.333 3.00 2.00
1.3 5.00 0.05 0.500 2.00 1.00
1.4 6.67 0.06 0.667 1.50 0.50
1.5 8.00 0.07 0.800 1.25 0.25
1.6 8.89 0.08 0.889 1.12 0.12
1.7 9.41 0.09 0.941 1.06 0.06
1.8 9.69 0.09 0.969 1.03 0.03
1.9 9.84 0.09 0.984 1.02 0.02

c. Plot the data on semi-log paper as shown below

10-24
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=D
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Volume [L]

I~: iéure S-10-3 1: Silver ion exchéhge
d. From equation of trendline
b=1In7773 =8.96
e. From equation of trendline
slope = -6.89 L'

f. Calculate k

k=(6.89L" oyl =336.54L/d-meq
0.0926 meq/L

g. Calculate the dry weight of resin in the test column
M = (7.58g)(1-0.34)=5.00 g

h. Calculate qo
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_ (8.96)(4.523)

= =0.0241meq/m
® (336.54)(5.00) a/me

i. Now calculate the mass of resin for the full scale system

Using the influent and allowable effluent concentrations, calculate the left hand
side of Equation 10-27

In| i—1 =3.7054
0.24

The first term on the right hand side of Eqn 10-27 is

(336.54L/d - meq)(0.0241 meq/mg (M)

=2.25%107(M)
3600

where M is the unknown quantity of resin required
The operating cycle of 5 d and flow rate of 3,600 L/d gives
¥ =(3,600)(5)= 18,000 L
The second term on the right hand side of Eqn 10-27 is

(336.54L/d - meq)(0.0926)(18,000)
3600

=1.56x10?

Solving Eqn 10-27 for M
3.70=2.25x 10" (M) - 1.56 x 10°
M=7.10x 10" g or 71 kg
10-32 Ion exchange column for hardness
Given: Ca =107 mg/L as ion, Mg = 18 mg/L as ion, data on size of pilot column
Solution:
Begin by calculating the coefficients using the pilot scale data

a. Calculate equivalent weight of Cy where Cy is the total hardness in meq/L
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For Ca, the equivalent weight is 40.0/2 = 20 g/eq or 20 mg/meq

107 mg/L

—————=——=5.35meq/L
20.0mg,/meq ea/

For Mg, the equivalent weight is 24.3/2 = 12.15 mg/meq

18mg/L

———= =1.48meq/L
12.15mg/meq a/

Cp equals the total hardness
Co=5.35+1.48=6.83 meqg/L

b. Use a spreadsheet to estimate slope and intercept

Volume [m”] | C [meg/L]| C/C, Co/C | (ColC)-1
2.35 0.21 0.0307 | 32.5309
2.90 0.48 0.0703 | 14.2323 | 13.2323
3.10 1.10 0.1610 | 6.2104 | 5.2104
3.26 1.64 0.2401 | 4.1655 | 3.1655
3.39 2.47 0.3616 | 2.7658 | 1.7658
3.49 3.22 0.4713 | 2.1216 | 1.1216
3.56 3.56 0.5211 | 1.9190 | 0.9190
3.71 4,52 0.6616 | 1.5114 | 0.5114
3.81 5.07 0.7422 | 1.3474 | 0.3474
4.03 5.96 0.8724 | 1.1462 | 0.1462
4.62 6.78 0.9925 | 1.0076
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Problem 10-32 Hardness lon
Exchange
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Figure S-10-32: Hardness ion éx;:hangew
¢. From the equation of trendline
b=1In(1x 10%=13.82
d. From the equation of trendline
slope =-3.95 (mz)‘1

e. Calculate k (Note conversions to days and m’)

_ Y (2.25L/h)(240/d)107 m*/L)) _ .
k_(3,95(m ) { - J—3.12x10 L/d - meq

f. Calculate the dry weight of resin in the test column
M= (5.0kg)(1-0.34)=3.30kg
g. Calculate go (Note units in answer)

_ (13.82)(2.25L/h)(24h/d)
L0 = 3.12x107 L/d - meq)3.30kg)

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
may be displayed, reproduced or distributed in anv form or by any means, without the prior written permission of

the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their

individual course preparation. If you are a student using this Manual, you are using it without permission.

=7.24x10° meq/kg




10-29

h. Now calculate mass of resin for full scale system

Using the influent and desired effluent concentrations, calculate the left hand side
of equation 10-27. Begin by converting 10 mg/L as CaCOs to meg/L. The
equivalent weight of CaCOj is 50 mg/meq.

10mg/Las-CaCO,
50 mg/meq

=0.20meq/L

Then
In gﬁ——1 =3.50
0.20
The first term on the right hand side of equation 10-27 is
(3.12 %107 L/d- meqX7.24>< 10° meq/ngM)

(570m*/d)10° L/m?)
Where M is the unknown quantity of resin. Note the units conversions.

=3.96x10""kg™ (M)

The operating cycle is 60 days
M = (570 m*/d)(60 d) = 34,200 m’
The second term on the right hand side of equation 10-27 is

(3.12x107 L/d - meq)(6.83 meq/L )(34,200m’ )

=12.79
570m’/d

Solving Equation 10-27 for M
3.50 =(3.96 x 10 kg™H(M) — 12.79

M = 41,136 or 41,000 kg or 41 Mg

10-33 Blending waste to achieve 30% by mass chlorine

Given: Trichloroethylene = 18.9 m®; 1,1,1 Trichloroethane = 5.3 m®; Toluene = 21.3 m’,

0-Xylene = 4.8 m’

Solution:
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a. Using Appendix A obtain formulas, molecular weights and densities
Trichloroethylene

formula = CICH=CCl,, GMW = 131.29, density = 1.476 g/mL
1,1,1 Trichloroethane

formula = CH3CCl;, GMW = 133 .41, density = 1.3390 g/mL
Toluene

formula = C¢HsCH3, GMW = 92,14, density = 0.8669 g/mL
o-Xylene

formula = (CH3),CsHg, GMW = 106.17, density = 0.8802 g/mL
b. Fraction of compound that is chlorine
Trichloroethylene

formula = CICH=CCl,, GMW = 131.29

3 chlorines with GMW of 35.5 = 3(35.5) = 106.5

chlorine fraction = 110—65—— =0.811

31.29
1,1,1 Trichloroethane
formula = CH;CCl;, GMW = 133 .41
3 chlorines with GMW of 35.5 = 3(35.5) = 106.5

106.5
3341

chlorine fraction = =0.798

Toluene
contains no chlorine

o-Xylene
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contains no chlorine
c. Compute mass of each compound
Trichloroethylene
density = 1.476 g/mL = 1,476 kg/m’
mass = (1,476 kg/m®)(18.9 m*) = 27,896.4 kg
1,1,1 Trichloroethane
density = 1.3390 g/mL = 1,3390 kg/m’
mass = (1,339 kg/m®)(5.3 m®) = 7,096.7 kg
Toluene
density = 0.8669 g/mL = 866.9 kg/m’
mass = (866.9 kg/m*)(21.3 m®) = 18,464.97 kg
o-Xylene
density = 0.8802 g/mL = 880.2 kg/m’
mass = (880.2 kg/m*)(4.8 m®) = 4,224.96 kg
Total mass
27,896.4 +7,096.7 + 18,464.97 + 4,224.96 = 57,683.03 kg

d. Compute % chlorine

(0.811)(27,896.4)+(0.798)(7,096.7) (

%Cl = 100)
57,683.03

%Cl1 = 49.03 or 49%

The operator cannot achieve 30% chlorine by mixing these waste quantities.
P y q
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10-34 Blending waste to achieve 30% by mass chlorine

Given: Carbon tetrachloride = 1.2 m3, Hexachlorobenzene = 15.3 m°, Pentachlorophenol
=25.0 m’, Methanol as required

Solution:
a. Using Appendix A obtain formulas, molecular weights and densities
Carbon tetrachloride

formula = CCly, GMW = 153.82, density = 1.594 g/mL
Hexachlorobenzene

formula = C4Cls, GMW = 284.79, density = 1.5691 g/mL
Pentachlorophenol

formula = ClsCcOH, GMW = 266.34, density = 1.978 g/mL
Methanol (NOTE: not in Appendix A)

formula = CH;0H, GMW = 32.04, density = 0.7913 g/mL
b. Fraction of compound that is chlorine
Carbon tetrachloride

formula = CCly, GMW = 153.82

4 chlorines with GMW of 35.5 = 4(35.5) = 142.0

142.0
53.82

Chlorine fraction = =0.923

Hexachlorobenzene
formula = C¢Clg, GMW = 284.79
6 chlorines with GMW of 35.5 = 6(35.5) =213.0

213.0
84.79

Chlorine fraction = =0.748
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Pentachlorophenol
formula = ClsCsOH, GMW = 266.34
5 chlorines with GMW of 35.5 =5(35.5)=177.5

177.5
66.34

Chlorine fraction = =0.667

c. Compute mass of each compound
Carbon tetrachloride

density = 1.594 g/mL = 1,594 kg/m’

mass = (1,594 kg/m®)(12.2 m®) = 19,446.8 kg
Hexachlorobenzene

density = 1.5691 g/mL = 1,569.1 kg/m’

mass = (1,569.1 kg/m*)(153 m®) = 240,072.3 kg
Pentachlorophenol

density = 1.978 g/mL = 1,978 kg/m’

mass = (1,978 kg/m’)(2.5 m®) = 4,945.0 kg
Total mass

19,446.8 + 240,072.3 + 4,945.0 = 264,464.1 kg
d. Compute % chlorine

(0.923)(19,446.8) + (0.748)(240,072.3) + (0.667)(4,945)
264,464.1

%Cl = =10.759

%Cl=75.9%
e. Compute amount of methanol that must be added

The chlorine fraction of the combination must be 30%, so the weighted fraction would be
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(0.759)264.464.1)+ (000 Maryon)
264,464.1+ My on o

Chlorine fraction =

where Mcon = Mass of methanol with a chlorine content of 0.0%
Solving for Mcuson
(0.759)(264,464.1) + 0.0 = 0.3(264,464.1 + Mcmon)
Mcuson = 404,630 kg
Calculate volume based on density of 7,913 kg/m3

- M04630ke__ 51 135 or 51 m’
7,913kg/m
10-35 Mass flow of methylene chloride in aqueous feed

Given: Methylene chloride concentration = 5,858 mg/L, flow rate of aqueous stream =
40.5 L/min

Solution:
(5,858 mg/L)(40.5 L/min) = 237,249 mg/min or 237.25 g/min
10-36 Mass flow of methylene chloride in flue gas

Given: Methylene chloride concentration = 211.86 ng/L, flow rate of flue gas = 597.55
3 s
m°/min

Solution:

(211.86 ng/L)(597.55 m*/min) = 126,596.9 pg/m’ or 0.1266 g/min
10-37 DRE for Problems 10-35 and 10-36

Given: Problems 10-35 and 10-36

Solution:

a. Using Eqn. 10-31
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_ 23725-0.1266
237.25

DRE 100) = 99.947%

10-38 DRE for xylene
Given: mass flow into incinerator = 481 kg/h, mass flow in stack = 72.2 g/h
Solution:
a. Using Eqn. 10-31

DRE = 481-0.0722 (

100) = 99.985%
481

Incinerator does not comply with 99.99% DRE
10-39 Incinerator compliance for dichlorobenzene

Given: Incinerator operating conditions and stack gas concentrations after APC
equipment

Solution:

a. Mass flow into incinerator

1,2 Dicholorobenzene data from Appendix A
formula = Cl;-C¢Hy, GMW = 147,01, density = 1.3048 g/mL
mass flow = (13.0 g/L)(173.0 L/min) = 2,249 g/min

2249 g/min

molar flow =
147.01g/mole

=15.298 mole/min

Hydrogen Chloride

Moles of HCI per mole of Cl,-CgHs =2

mass flow = 2(15.298 moles/min)(36.5 g/mole) = 1,116.75 g/min
b. Mass flows out of incinerator

1,2 Dichlorobenzene
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(338.8 ng/m*)(10°° g/1g)(6.70 m*/s)(60 s/min) = 0.136 g/min
Hydrogen Chloride
without APC
(1,116.75 g/min)(10~ kg/g)(60 min/h) = 67.0 kg/h
with APC
(77.2 mg/m*)(10™ g/mg)(6.70 m*/s)(60 s/min) = 31.03 g/min
or (31.03 g/min)(lO'3 kg/g)(60 min/h) =1.86 kg/h
¢. Compliance computations
DRE for 1,2 Dicholorobenzene

DRE = 2249-—0.136(

5545 100) = 99.994 Passes

HCl
1.86 kg/h exceeds 1.8 kg/h, therefore check 1% limit
(0.01)(1,116.75 g/min) = 11.17 g/min

After the APC the emission is 31.03 g/min. This exceeds the 1% limit. Therefore
the incinerator fails to comply with the HCI limits.

Particulates

The limit is 180 mg/dscm, therefore the incinerator emission of 181.6 mg/dscm
fails to comply with the particulate limits.

10-40 Trial burn compliance for POHCs

Given: Temperature = 1,100 °C, Qgack = 5.90 dscm/s, 10% oxygen, assume chlorine =
HCI, inlet and outlet emissions

Solution:

a. Calculate DRE’s

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
may be displayed, reproduced or distributed in any form or by any means, without the prior written permission of
the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their

individual course preparation. If you are a student using this Manual, you are using it without permission.




10-37

Benzene
913.98 - 0.2436
DRE = 100)=99.9733% Fail
orsos \100) o ran
Chlorobenzene
521.63-0.04
DRE = A (100)=99.9905% Passes
521.63
Xylenes
D= 210020/ (100) = 99.9589% Fails

1378.91
b. Calculate HCl1
Emission rate of 4.85 kg/h exceeds emission limit of 1.8 kg/h. Now check % removal:
Inlet HCl
GMW of chlorobenzene = 112.5 g/mole

Moles of HCL per moles of chlorobenzene (CsHsCl) = 1

3
Molar flow of CgHsCl = (521.63kg/n)10" g/ke) _ 4636.71mole/h
112.5g/mole

Mass flow of HCI = (1)(4636.71 mole/h)(36.5 g/mole) = 169,239.95 g/h
=169.24 kg/h
Removal efficiency

_169.24kg/h—4.85kg/h (100)=97.13%
169.24kg/h '

97.13% is less than 99% required.
The HCI emissions fail on both requirements.

¢. Particulate emissions

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
may be displayed, reproduced or distributed in any form or by any means, without the prior written permission of
the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their
individual course preparation. If you are a student using this Manual, you are using it without permission.




10-38

Convert the emissions rate to concentration

(10.61kg/h)(10° mg/ke)

= 499.53 ;
(5.90m’ /5)3600s/h) me/m

Corrected to 10% oxygen

14
21-10

P, =499.53[ J=635.76mg/m3

This exceeds the allowable particulate emission of 180 mg/m’
10-41 Incinerator compliance for trichloroethylene, 1,1,1 trichloroethane, and toluene

Given: Incinerator operating conditions and stack gas concentrations after APC
equipment

Solution:
a. Mass flow into incinerator (@ 5% of volumetric flow)
Trichloroehtylene data from Appendix A
formula = CICH=CCl,, GMW = 131.29, density = 1.476 g/mL
mass flow = (0.05)(40.0 L/min)(1,476 g/L) = 2,952 g/min

2952 g/min

molar flow = ——
131.29 g/mole

= 22.485 mole/min

Hydrogen chloride

Moles of HCI per mole of CICH=CCIl; =3

mass flow = 3(22.485 moles/min)(36.5 g/mole) = 2,462 g/min HCI
1,1,1 Trichloroethane data from Appendix A

formula = CH3CCl;, GMW = 133.41, density = 1.3390 g/mL

mass flow = (0.05)(40.0 L/min)(1,339 g/L) = 2,678 g/min
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2678 g/min

molar flow =
133.41g/mole

= 20.07 mole/min

Hydrogen chloride

Moles of HCI per mole of CH3CCl; =3

mass flow = 3(20.07 moles/min)(36.5 g/mole) = 2,198 g/min HCI
Toluene data from Appendix A

formula = C¢HsCH;, GMW = 92.14, density = 0.8669 g/mL

mass flow = (0.05)(40.0 L/min)(866.9 g/L.) =1,733.8 g/min
Hydrogen chloride

Moles of HCI per mole of C¢HsCH3 = 0.0
b. Mass flow out of incinerator
Trichloroethylene

(170 pg/m*)(10°® g/ug)(9.0 m*/s)(60 s/min) = 0.0918 g/min
1,1,1 Trichloroethane

(353 pg/m’)( 107 g/ug)(9.0 m*/s)(60 s/min) = 0.190 g/min
Toluene

(28 pg/m®)( 10 g/ug)(9.0 m*/s)(60 s/min) = 0.0151 g/min
HCl

without APC

Total mass of HC1 = 2,462 + 2,198 = 4,660 g/min
(4,660 g/min)(10~ kg/g)(60 min/h) = 279.6 kg/h
with APC

(83.2 mg/m>)(10” g/mg)(9.0 m*/s)(60 s/min) = 44.928 g/min
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or (44.928 g/min)(lO'3 kg/g)(60 min/h) = 2.696 or 2.7 kg/h
¢. Compliance computations
DRE for Trichloroethylene

2952 -0.0918 (
2952

DRE = 100)=99.9968% Passes

DRE for 1,1,1 Trichloroethane

_2678-0.190 (

100)=99.9929% Passes
2678

DRE

DRE for Toluene

17338~ 0.0151(
1733.8

DRE 100)=99.9991% Passes

HCl
2.7 kg/h exceeds 1.8 kg/h, therefore check 1% limit
(0.01)(4,660 g/min) = 46.6 g/min

After the APC the emission is 44.928 g/min. This is less than the 1% limit.
Therefore the incinerator complies with the HCI limits.

Particulates

The limit is 180 mg/dscm, therefore the incinerator emission of 123.4 mg/dscm
complies with the particulate limits.

The incinerator complies with all emission limits.
10-42 Incinerator compliance for hexachlorobenzene, pentachlorophenol, acetone

Given: Incinerator operating conditions and stack gas concentrations after APC
equipment

Solution:

a. Mass flow into incinerator (@ 9.3% of volumetric flow)
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Hexachlorobenzene data from Appendix A
formula = C¢Cls, GMW = 284.79, density = 1.5691 g/mL
mass flow = (0.093)(140.0 L/min)(1,569.1 g/L) = 20,430 g/min

20,430 g/min

=71.74 mole/min
284.79g/mole

molar flow =

Hydrogen chloride

Moles of HCI per mole of C¢Clg = 6

mass flow = 6(71.74 moles/min)(36.5 g/mole) = 15,710 g/min HCI
Pentachlorophenol data from Appendix A

formula = ClsCsOH, GMW = 266.34, density = 1.978 g/mL

mass flow = (0.093)(140.0 L/min)(1,978 g/L) = 25,754 g/min

25,754 g /min

molar flow =
266.34g/mole

= 96.69 mole/min

Hydrogen chloride

Moles of HCI per mole of ClsCsOH = 5

mass flow = 5(96.69 moles/min)(36.5 g/mole) = 17,647 g/min HCI
Acetone data from Appendix A

formula = CH;COCH;, GMW = 58.08, density = 0.79 g/mL

mass flow = (0.093)(140.0 L/min)(790 g/L) = 10,286 g/min
Hydrogen Chloride

Moles of HCI per mole of CH;COCH; = 0.0
b. Mass flow out of incinerator
Hexachlorobenzene
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(170 pg/m>)(10° g/ug)(28.32 m’/s)(60 s/min) = 0.2889 g/min
Pentachlorophenol
(353 ng/m>)(10°° g/ug)(28.32 m*/s)(60 s/min) = 0.5998 g/min
Acetone
(28 ug/m*)(10°° g/ug)(28.32 m*/s)(60 s/min) = 0.04758 g/min
HCI
without APC
Total mass of HCl = 17,647 + 10,286 = 27,933 g/min
(27,933 g/min)(107 kg/g)(60 min/h) = 1,676 kg/h
with APC
(83.2 mg/m*)(10™ g/mg)(28.32 m*/s)(60 s/min) = 141.37 g/min
or (141.37 g/min)(10™ kg/g)(60 min/h) = 8.48 kg/h
c. Compliance computations
DRE for Hexachlorobenzene

20,430 —0.2889 (

100) = 99.9986% Passes
20,430

DRE =

DRE for Pentachlorophenol

_ 25754-0.5998

100)=99.9977% Passes
25,754

DRE

DRE for Acetone

_ 10,286 —-0.04758 (

100) = 99.9995% Passes
10,286

DRE

HCl
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8.48 kg/h exceeds 1.8 kg/h, therefore check 1% limit
(0.01)(27,933 g/min) = 279.33 g/min

After the APC the emission is 141.37 g/min. This is less than the 1% limit.
Therefore the incinerator complies with the HCI limits.

Particulates
Correct 14% oxygen to 7% concentration using Eqn. 10-32

14

P, =123.4[ J:246.8
2114

The limit is 180 mg/dscm, therefore the incinerator emission of 246.8 mg/dscm
fails to comply with the particulate limits.

The incinerator complies with all emission limits except particulates.
10-43 Rotary kiln

Given: Retention time required = 1.0 h, diameter = 3.00 m, length = 6.00 m, slope =
2.00%, peripheral speed = 1.5 m/min

Solution:
a. Calculate revolutions per minute

PeripheralSpeed _  1.5m/min

=— = =0.159rev/min
Circumference/rev  1(3.00m)/rev

b. Slope
S =2.00% = 0.02 m/m
c. Time

_0.19(6.00m/3.00m)

t= =119.4mi
(0.02 m/m)(0.159 rev/min) i

This is > 1 hour so permit conditions have been met.
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10-44 Time to test 107 cm/s hydraulic conductivity
Given: Standard permeameter dimensions and measurements
Solution:

a. Compute area (A) of sample

_ (5.0cm)’

A =19.64cm?

b. Solve permeameter equation for t

-
kerh eA ot

(100.0cm® XI Ocm)
(1077 cm/s )100cm )(19.64cm” 86400s/d)

=5895 or60d

10-45 Redesign of permeameter
Given: Figure P-10-44, 30 d for 100 mL minimum
Solution:
Note: there are many solutions that will work. I chose to double head to 2 m.

a. Solve equation for t

Q'L
k-h-A

=

b. Area of sample

_ (5.0cm )’

A =19.64cm*

c. Solve fort

(100.0cm” }10cm)

(107 cm/s ) 200cm)(19.64cm” (864005/d) -
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10-47

10-48

10-45

Soil hydraulic conductivity from falling head permeameter test
Given: Falling head permeameter dimensions and test results
Solution:

a. Calculate area of sample (A)

= 78.54¢m’

A Tt(lO.gcm)z

b. Calculate area of stand pipe (a)

2
- @f“i =0.007854cm?

c. Calculate hydraulic conductivity (14 d = 1,209,600 s)

_2.3(0.007854)(25) (100

= log| = | = 2.86x10™
(78.54)(1,209,600) ° 25} ems

The nominal permeability acceptable for a hazardous waste landfill is 107 cm/s. Thus,
this is excellent.

Estimate of leachate volume
Given: 100 hectare landfill, permeability of 107 cm/s
Solution:
a. Convert cm/s to m/d
k= (107 cm/s)( 10 m/cm)(86,400 s/d) = 8.64 x 10~ m/d
b. Calculate flow
Q = (8.64 x 10”° m/d)(100 hectares)(104 m*/hectare) = 86.4 m’/d
Time for leachate to migrate

Given: Three soils with differing permeability and depth
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Solution:

SOIL A
a. Hydraulic gradient

- H+T 0.3m+3m
T 3m

=1.10

b. Darcy velocity
v=(1.8x 107 cm/s)(1.10) = 1.98 x 107 cm/s

c. Seepage velocity

_1.98x107" cm/s
- 0.55

=3.60x107" cm/s

d. Travel time

(3.0m)(100 cm/m)

t= =9645d
(3.60x1077 cm/s )86400s/d)
SOIL B
a. Hydraulic gradient
Q= H+T _ 0.3m+3m+10m ~133

T 10m
b. Darcy velocity
v=(2.2x 10" m/s)(1.33) =2.93 x 10° m/s

c. Seepage velocity

_2.93x107 m/s
0.25

'

=1.17x10"* m/s

d. Travel time

(10.0m)
(1.17x107* m/s {86400s/d)

=0.99d
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SOIL C
a. Hydraulic gradient

(= H+T 03m+3m+10m+12m
T 12m

=2.11

b. Darcy velocity
v=(53x10° mm/s)(2.11) = 1.12 x 10 mmy/s

c. Seepage velocity

—4
 LA2XI0™ s _ s 405107 mmfs

0.35
d. Travel time
(12.0m)(1000 mm/m)
= = = 435d
(3.19%10™ mm/s(86400s/d)
TOTAL TIME
Time = 26454+0.9944435d _ ) o o

365d/y
10-49 Cubic meters of water contaminated at PQL

Given: PQL for trichloroethylene = 5 pg/L, 0.12 m® barrel leaks to ground water
Solution:
a. Calculate mass of trichloroethylene in 0.12 m’

From Appendix A, density = 1.476 g/mL = 1,476 kg/m’

mass = (0.12 m*)(1,476 kg/m’) = 177.12 kg
In pug = (177.12 kg)(10° pg/kg) = 1.7712 x 10" pg

b. Volume of water contaminated

1.7712x10" ng
Gpeg/LY10° L/m’)

=135,424,000 or 3.54x 10" m®
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10-50 Travel time with retardation

Given: Hydraulic gradient = 8.6 x 10, hydraulic conductivity = 200 m/d, porosity =
0.23, retardation factor = 2.3

Solution:
a. Find the Darcy velocity

v =k(i) = (200 m/d)(8.6 x 10*)=0.172 m/d
b. Find average linear velocity

vl I3 G osgmila
0.23

c. Calculate the retardation factor

v =Y 078, s md
R 2.3

d. Travel time
(= distance _ 100m

speed  0.325m/d
10-51 Pumping rate for purge well

=307.55 or308d

Given: Depth of unconfined aquifer = 60.00 m, permeability = 6.4 x 10~ m/s, plume
depth at 130 m from center of leak is 0.1 m and plume does not extend beyond
150 m.

Solution:

a. Using Equation 3-30
Computing hl and h2
hl1=H-s1=60.00-0.1=59.90m

h2 =H - 52 =60.00 - 0.0 =60.00 m

(6410 m/s){(60.00m)* — (59.90m)? |
Q =
150
In| —
130
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10-52 Single intercept well system

Given: 0.12 m® of CCls, K =7 x 10™ cmy/s, n = 0.38, GWT = 3.0 m, i = 0.002, aquifer =
28 m, Q, = 0.014 m’/s

Solution:
a. Calculate the Darcy velocity

v =k(i) = (7 x 10 m/s)(0.002) = 1.40 x 10° m/s
b. Width of capture zone at the well

Q 0.014m>/s

- —357.14 or 360
D(v)  (28.0m){1.40x10° m/s) orsum

10-53 Location of well
Given: Data in Problem 10-52, leading edge = 200 m width
Solution:

a. The well should be at a distance equal to xg, (Eqn. 10-39)

. (0.014m’/s)
® ~ 2n(28.0m)(1.40x107° m/s)

=56.8 or57m
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DISCUSSION QUESTIONS

10-1

10-2

10-3

10-4

10-5

Dioxin toxicity

Given: LD50 for 2,3,7,8-TCDD

Solution:

The LD50 toxicity is based on oral intake for a particular species. This statement may be
misleading if it is assumed to be the same for humans, the route of exposure is not orally,
and because toxicity may manifest itself in forms other than death, i.e the slope of the
dose-response curve may vyield greater effects at lower doses but have a higher LD50.
Land ban

Given: Does "land ban” actually ban the disposal of hazardous waste?

Solution:

The "land ban” only prohibits land disposal of hazardous waste if there are no
concentration levels or methods of treatment of waste established by EPA. A better term
is "Land Disposal Restrictions (LDR).

Joint and several liability

Given: one drum identified, may be responsible for all others

Solution:

This is correct because CERCLA and courts have established strict, joint, and several
liability.

Is recycling best first step?
Given: Instituting a program to minimize waste
Solution:

The best first step is to prevent the generation of pollution in the first place. Waste
exchange and then recycling are logic follow-on steps.

Recycle, reuse or recover?
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Given: plating sludge treated to recover nickel
Solution:

Treatment of the sludge to recover nickel is considered to be reclaiming. Since reclaiming
is a form of recycling - it is also recycling.

10-6 Measuring POHCs
Given: True/false statement
Solution:

The statement is true. Only designated POHCs need to be measured.
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Chapter 10: Hazardous Waste Management
Sample Problems and Solutions

10-1  Lifetime CDI for occupational exposure to Cr(Vl)
Given: Concentration = (.03 mg/m?®, exposure = & h/d for age 18 to 63, 3 d/wk, 50 wkiy
Solution:
a. Exposure = (65-18) = 47 vears

20m’

24h

b, Inhalation rate = - (1.833 mh

¢. Using the inhalation form of the equation in Table 11-8

[0.05m afm’ E\{}.HS Am’ / h ;{8 h/d )3 d/wk)S0wk/y N47v)

CDI= —— T a—
(70kg {70y )(365d)

CDI=2.2x 107 mg'kg » d
[0-2  CDI for sulfur diexide
Given: NAAQS = 80 pe/m’, lifetime (24 h'd, 363 diy). average adult.
Solution:
a. Using the assumptions in Table 10-8

[80Lg/m’ ﬁ"’ m’ /d

CDI = 03¢
(78ka 170y 1363d

y)70y)
0

CDI=20.51 pwkg +d or 2.05x 107 mgke + d

Loy



10-4

[ngestion of soil with 2, 4-D

Given: Soil concentration of 2, 4-D = [0 mg/ke. hatd = 3 vears old, adult, 1 ve
averaging time, | d/week, 20 weeks/y, FI =0.10

Solution:
a. Using Table 10-9 values for 5 vear old child

(10mg/ke 1200 mg/d {107 ke/ma f0.10)1 cl/wk}{i’{}wk/y:]flyf}
“ "‘x!.l}i d/'ﬂs]\ jlﬁ‘“\\]\/\"i

CDIl =

CDI=1.25x 107 mgkg « d
b. For adult

(10mg/kg)(100me/d )10 kg/mg J0.10) ]d/ulxﬁ”‘{ml\/xlhl
(70kg )i d/m\nz{m\/x

€Dl =

CDI= 1.43 x 10° mg/ke * d



a//'wf( < C’:Z ng/i

[0-6  Estimating chronic daily intake

Given: Child exposed for 5 yvears to 1, 1. 1-trichloroethane at drinking water limit. She
swims, bathes. Average age is 8 vears over exposure period.

" ol 2
Solution: ’ [;7’/' (d £ 7
Gy i M _?O bl
a. Routes of exposure are: ' K
Pa, L Cay
1. Ingestion of drinking water A
~ R T R o L s ﬁf/’fz’f;( P
2. Ingestion while swimming P
=y g Pl E 1y
t s‘r-f
3. Dermal contact while swimming
3. Dermal contact while swimming | \ |45 /.3
A0 P
4. Dermal contact with water during bath )
- /g g
(’/f'u "u. ) /7 7
3. Inhalation during bath
bith = 505

b. Drinking water standard ix 0.2 mg/L.

c. Ingestion of drinking water (Eqn 10-10)

2mg/LLOL/dK a{*:"ul/'v 5y
(26Kke )5y I363d/y)

CL)[-

CDl=7.69x 107 mg/kg « d
d. Ingestion while swimming (Eqn 10-11}

30 min/wk 0.5h/wk
= ——— = v I
60 min/h

(0. ”ral;__/L}%i}mth 1073 E[mi-)i‘{‘f Sh/wk (52wk/y )5

CDhl =
(26kgi(S¥)365d/y}

CDI=2.74 x 107 mg/kg « d

c. Dermal contact while swimming (Eqn 10-123 NOTE: Assume 100% of bud\s IS
exposed during swimming (a bit high but no other data given) PC = 6.0 x 107 v h. and
30min/wk

FT="——"t—=05h/wk
60 min/h /

AT = ﬂ"’mﬂjL]Ul}”’ﬂn Hmbwilu m/hh‘(lﬂ hfwk {52 wk/y {5y) ]{} L/m }
o (26ke {5y I(365d/v)




AD = 3.04 x 107 mg/ke « d

" Dermal contact while bathing (Eqn 10-12). NOTE: 50% submergence, PC = 6,0 x 107}

m:h. and

[0 min/d

— =0 1667 hd
) n-my’h /

(0.2 mg/L10.925m? J6.0x 107 m/hm 1667 h/d}365d/y ) 5y ito?

AD=
[26Kkg {3y H365d/y)

AD = (7.12 x 107%0.50) = 3.56 x 107 mg/kg * d
@. Inhalation during bath (Egn 10-15). NOTE: IR =5 m*/d = 0.2083 m*/h

(1Lopg/m* 1107 mg/ig 02083 m3 /h 0. 1667 h/d 365 d/viSy)
[,?_fﬁkj‘_’_ J[_Z’.' Y jl' 365d/y )

CDI=

CDI= 124 x 16° mo'kg *+d

h. Total CDI

CDI=7.60%x 107 +2.74x 107 +3.04%x 107 +3.56 x 107+ 1.34 x 10°°

CDI= 1.43 x 102 mg/'kg » d

10-%  Concentration of hexavalent chromium = 107 risk
Given: Standard assumptions
Solution:
a. Using the slope factor from Table 105, calculate the CDI
risk = (SFHCDI

1077 = (42 kg « d/mg N CDI)

CDI=238x 107 mg'kg = d

b. Using assumptions from Table 14-9

_(c ANzom?/d¥365d/y7oy)
(78KkgH70vH365d/v)

2.38= 107 mgfkg- ¢

ChA =928 x 107" mg/im



10-9  Characterize risk
Ciiven: toluene, barium, and xylenes
Solutien:

a. These are not carcinogens so caleulate hazard index using Eqn 10-19 and 10-22 and
Table 10-6

0.03 606 0.3
= +

Hl=——+—— :
0.2 0.05 2.0

Hi=015+1.2+0.15= 1.5
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ENCE 3323: Introduction to
Environmental Engineering

Air Pollution Control
(Chapter 7)

Ideal Gas Law

i rM

P RT

p = density of gus, kg/m®

P = absolute pressure, kPa

M o= molecular mass, grams/maole

I = absolute temperature, K

R == universal gas constant = 83043 VK - mole

General Form

P¥ = kT {62}

where ¥ is the volume occupied by i toles of gas. A1 27515 K and 101325 kPg,
une mede of an ideal s occupies 22414 L

. Sampling instruments are calibrated with air.
So corrections are necessary

+ Dalton’s law of partial pressures is useful in
calculating these correction factors

In mathematical ferms.,

Pyw Pys Pyt Pyt {633
whete P, = total pressure of mixture
By Py, Py o= pressure of each gas if it were incomtainer alone, thatis. partia/
pressure

Dalton’s law also may be wrilten in terms of the ideul gas law:

Pyo= n RT“} & 1 i +
(S Tl Bl L F B R
¥ e L 4

RT

={ny 4+t .J-‘-_;-

Thermodynamic Processes in Air

Adiabatic Process: a

process that takes place

with no addition or

removal of heatand itis Ukt ddiogs) = e vt ey
sufficiently slow to iesermal ok dne by g the g
assume equilibrium of

gases at all dmes

m Increase in thermal energy = work done which reflects

in a change in temperaturc of the gas

m If a gas is expanded adiabatically, its temperature

will decrease....!!!

Measurement Units

s Concentration Units —
® micrograms/m?,
w parts per million (ppm) - volume to volume ratio, hence
temperature and pressure don't change the ratio of
pollutant volume to air volume

® Particle Size Units — microns (10 meters)

Conversion from pg/m? to ppm

— et Tk 67
¥ 1000 Lt ik

s GMW = molecular weight of pollutant (grams)

® M, = pollutant mass (grams)

nT, = absolute temperature (IK)

u P, = absolute pressure (kPa)

mV, = volume of air (m?) at that temperature

& pressure (assume 1 m? if not stated)




Example 6-1. A vne-cubic-meter sample of air was found to contain 80 pg/m’* of SO,
The temperature and pressure were 25°C and 103.143 kPa when the air sample wa
taken. What was the S0: concentration n ppm?

Solution. First we must determine the GMW of SO, From the chart inside the fren
cover. we find
GMW af $O; = 3206 + 2(15.99%4) = 64.06
Nextwe must consert the temperatuee o absohute (emperature. Thus,
C+ 173K = 298K
Now we may make use of Eguation 6-7.

101,325

M < (1.0300 ppm of SO,

gy 22414 % 28
ppm = hel

Air Pollution Standards in the USA...

= Air Quality Control Regions (AQR’s) — divisions of
states
m Attainment Area — if air quality in an AQR meets the primary
standards
& Nonattainment Area — areas those don’t meet the primary
standards
m National Emission Standards for Hazardous Air
Pollutants (NESHAPs), 1990 — 189 HAPs
= MACT — Maximum Achieveable Control Technology —
process changes, material substitutions or air pollution
control equipment
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Air Pollution Standards in the USA

Clean Air Act (CAA), 1970 — pollution effects by
stationery and mobile sources affecting human health
and environment

National Ambient Air Quality Standards (NAAQS) —
standards for outdoor air quality

® Primary Standards — to protect public health with an
adequate margin of safety

® Secondary Standards — to prevent environmental and
property damage

m Criteria Pollutants — developed on health based
criteria

Effects of Air Pollutants

s Effects on Materials
® Mechanisms — abrasion, deposition and removal, direct
chemical attack, indirect chemical attack, and electrochemical
erosion
® Factors that influence deterioration — moisture, temperature,
sunlight and UV, position of the exposed surface

u Effects on Vegetation

® Ozone injures the palisade cells — red brown spots that tum
white with time — fleck

8 NO,: Plant growth inhibited due to continuous exposure to
0.5 ppm. Exposure to > 2.5 ppm of NO, results in
Necrosis or loss of protoplasm

® 850, Necrosis at much lower levels (0.3 ppm, 8 hrs)
Chlorosis (bleaching) at lower levels of exposure for longer
exposure periods.

8 Fluoride deposition: damage to plants and health effects in

animals that graze on them

[Fationul Ambient Alr Quality Standards (NAAQS)
Criteria Standard Sencentratn Avernging pertod Allowabie
pullutant type i Bpn or method excecdnncent
oo Pritary 10,000 El S-hour average Unce per year,
Primary 40,000 3% 1-hour average Cnce per yeu|
Lead Frimasy and [E] Maximum aritunetic
secondary mcan mensured over a
calemisr guaner
NGy Primary and 100 0033 Annusl srithmetic mean e
secamdary
Orone Primary and 235 0az Maximum hourly averuge  Once per year
Ozome® Primary aod 157 n.08 B-hour average
secondary
Panicuiate  Primary and 150 - 24-hovr average On
maer | meeondary o e e
(PMu
Erimary and so - Annual arithasetic mean o
ML Primary mnd a5 2a-housr average ane day per
ecoewliry year =
(E] . Annual arithmetic menn s
ETeN Primary 20 0.0% Annual arithastic moan
Primary 363 014 M xinmuny 24 hosr Onee per yoar
concentration
50, Sevondary 1,300 0.8 Maxirur 3-bour Onice per yoor
concentratinn
" Adtomamishe e xcecdances ma; Scinally e an SVerage valie over & - yo e
b o KA Juty 1905 S A i ear porest
[ Average founh highest comentraviom over 3-yaar period
maser par with an ameser fe—
Fsoures 40 IR S0 2017 = huitoiots

Synergism: Combinations of pollutants that alone cause no damage
are known to produce acute effects when combined.

= Effects on Health
® Degree of penetration of particles into lower respiratory tract
— function of particle size and breathing rate
® Dp > 5—10 um are screened out but particles with diameters
in the range 1 to 2 um penetrate into the alveoli

® Diseases — Bronchial Asthma, Chronic Bronchitis, Pulmonary
Emphysema, Lung Cancer.

= Carbon monoxide:
m lethal if concentrations > 5000 ppm
® [emoglobin has more affinity to CO than to O,
CO + hemoglobin = carboxyhemoaglobin (COHb)

8 At COHb levels of 5-10%, manual dexterity, visual
perception and ability to leamn are impaired

8 CO concentration of 50 ppm for 8 hours would result in
COHb level of 7.5%




s Hazardous Air Pollutants (HAPs):

m Can cause cancer, lung diseases, birth defects, damage to
immune and nervous systems

m Lead (Pb):
® Anemia, fatigue, irritability, mild head ache occurs when lead
level in the blood rises to 60 — 120 pg/100 grams of whole
blood
= Chronic exposure results in brain damage, mental
incompetence and highly active aggressive behavior leading
to eventual paralysis

s Nitrogen-di-oxide (NO,):
m Affects the respiratory tract adversely and causes flud
accumulation in the lung due to continued exposure.

4/16/2010

TXRTBTe 5. A Tors coal = Twervied o1 3 7o
of he coal reveals w sulfur conent f 300 perce

TT.00 b per recond. 1 the analysi
. whiad o the mtimunl Fure 01 onbesin

Satution. Uiting the inass bnnee approach. we begin by doning & as- balatice di

o dEaide i, )

R —
)

¥ St el (5,03

Thie s babarce squation nray b writien

o 4 B,
From the probien data, e mass of “sulfus in” 15
B B0 Ry X 00N 0030 kghs
n one vaar.
Sie o L0 kgl ¥ KEADD LA 8 365 Ay = 946 % 100 kgly
The suttur in the ash i § pereent o the input suffr
Sap = OOTHDAG X 107 psy) = 4 TA A G0 kply
The amanm of sulfur svalatbia

v 1o 50,0

Sa, @ N Spun D46 I TN IO B 99 5 16 Ry

The oimenisi of i fram the onal webghis o the
Iitation reactiun CEquatim a 14): Bt

5405 o 80
GAIW w 32 ¢ 32 - 6
c oot of aullur dioxide formed is then G332 of the yolfur avalluble for

The

@ y
Se, o GHUBSD % 1% kerys = 1RO W bty

Acid Rain

H LY, and )y (in clouds)

Oy + (1, [in air) l

124 1
50, [ 1560, fsulfieric acid)

Oxidants fwet surfaces)

Suarlight == O« {in air]

HNO, {nitric acid)

NOL v VO Sonlight (in air)

0, tozane)

vor Sunlight == HO, fin air}

HAL, hydeogra peraxide)

FIGURE 6-8
Acid rain precursors and products.

Ozone Depletion

Q4 he = 0O+0 i i
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ol Reattions
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-
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FIGURE 6-9 FVIGURE 6-10
Phowsteactions of ozone. Crone desnction by chloroltuoromethane.

Montreal Protocol (1990 & 1992 ) — ban the use of CFC’s,
carbon tetra chloride, and methyl chloroform as of January 1996

Air Pollution Meteorology

s Coriolis Effect: Wind flows from a high pressure
to low pressure area. Since the earth rotates, an
angular thrust called the Coriolis Effect is added to
this motion. This results in:

w _Anticyclones for highs — associated with good
weather, and

8 Cyclones for lows — associated with foul weather
eg. tornadoes and hurricanes.

b (G
b &

thy Amicyclone with Corialis ¢f
(a1 Anticyelons w ithou Coriolis effect pevehane with Corialis lfect

Wind How due to pressure gradient.




Stahility

The temdeney of the atmesphere 1w resist or endance vertical moton is ermed s
Bifirs. 1t is related to both wind speed and the chunge of wir temperature with height
thapse rate). For eur purpose, we may use the lapse rate alone as an indicator of the
stability condition of the amosphere.

There are theee stability categories. When the atmisphere is classified as un-
sieehle, meehanical turbulence is enhanced by the thermal stractase. A newtral atno-
sphere s one in which the thermal structure neither enhances nor resists mechanical
turhulenee, When the thenmal structure inhibits mechinical webulence, the atmo-
sphere is said tw be srable. Cyclones are associated with unstable air. Anticyclones
are assovnited with stable air.

Neutral stability. The lapse rate Tor @ neutral atmosplere is defined by the rate of
tempreratie increase {or decrease) experienced by a parcel of air thar expands (o
contracts) adinbaticafly twithout the addition or loss of heatd os i is raised thr
the atmusphere. This rate of tenperature deerease (d7/d21 15 called the dry adia-
baric lapse rawe. It is designated by he Greek Jetter gamma (1), It has a value of
approximately - L.OOPCHH0 m.
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Unstable stmosphere. 1f the temperature of the atmwosphere Blls ala rate greater
than £ (for cxample, = LO1°C/100 m), the lapse rate is said to be superadiabatic,

and the stmusphere ix unstable.

Stable atmosphere. If the weinperatuse of the atmosphere falls at a rate fess than
I" tfor example. ~0.89°CA00 m). it is called subadiabaric. and the atmosphere is

stable.

Lapse rate and displaced air volume,

&
3 -
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B
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~.
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T
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Upnears 100

Valume

Amibrirns <

o o s Rae
37 cesvaeom
T T
" n y 2

'
Tesposaue (¥

Types of Subadiabatic Lapse Rate

® Jsothermal—No change in temperature with elevation
8 Inversion— Temperature increases with elevation
® More severe form of a stable temperature profile

B Associated with restricted air volumes resulting in air
pollution episodes

Example 63, CGiven the follwing rempemtore and elecation data, deternure e sta-
habity of the atmoxphere.

am em1
L] 14
ERXELTY s

Sufiutivn, Begin by detevaning the e Topa vt

£yl

AZ

=D v = LT

Nt we s

“und fined Ui ey are cquab. Thus, the simescpheric sta-
bikity i

Six Types of Plume Behavior

Wind e

Weak Lapse Condition (Conngl

N o=

==

Weak Lapse Below. Inversion Aloft [Trapping]




Land Breeze During the Night

S

wa )

Cools and Descends

i

Warns Air over
Water Rises

4/16/2010

Lake Breeze during the Day
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Effect of Lake Breeze on Plume Dispersion
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Fanning

Atmospheric Dispersion

m Factors affecting dispersion of air pollutants:
® Source Characteristics
® Plume nise + physical stack height = effective stack height
= Downwind Distance
= Wind Speed and Direction
B Stability
® Dispersion Modeling
= Short term models

m Climatological models

Short Term Models

® To estimate ambient concentrations where it is
impractical to sample (eg) — rivers, lakes, etc

= To estimate the required emergency source reductions
associated with periods of air stagnations under air
pollution episode alert conditions; and

m To estimate the most probable locations of high, short-
term, ground level concentrations as part of a site
selection evaluation for the location of air monitoring
equipment.

Climatological Models

® To estimate mean concentrations over a long
period of time

® To estimate mean concentrations that exist at
particular times of the day for each season over
a long period of time

® Used as aids for developing emission standards




Example 6-5. Determine the distance downwind from o stack at which wie inust switch
1o the “inversion form™ of the dispersion model given the following metenrologic
sitgation:

Cffective stack beight: 500
Inversion base: 330 m
Wind speed: 7.3 mfs

Clewd cover none

Time: 1130 h

Scason: sununer

Selution. Determing the stability class using Table 6-6. At > 6 m/s with strong radi-
ation. the stability class is €.
Catculate the value of s..

50 047350m - 50m) = 4l m

Using Figure 6-20, find 1. With 5. = 141, diaw o horizontal line o stability clasy C.
Drop a vertical line 1o the “distance downwind,” Find 1, = 2.5 km.

Therefore, at any distance equal to or greater than 5 km downwind (2v7), use
the “inversion fonm™ of the equation {Eguation 6-25.)

For distances less than 5 km, we use Equation 6-19 with & determined from the
distance 1o the point of interest and the stability. Thus, in no case do we use s, computed
from Equation 6-24 1w caleulate y.
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Indoor Air Quality Model

T TN
T \-\_
L «
st \\\
e i
rd T
Volume = ¥
Cuoncentration = €
0., A S ec
e -
Emission Decay Rate
Raw = £ =k
Source

FIGURE 6.22
Mass balance mode] for indoor e pollation,

. Raeof  Rateof Rate of
e pollutant  poflutant — pollutant K}

. . ollutant
A S enlering + entering box ~ leaving box ", i}ll,’ " (620
increase ; leaving box
: boxfrom fromindoor  byleakage |, %
in box by decay

outdoors  emissions 1o ouldoors

oF

yf% = (C,+E-QC-kC¥ (6-27)

where ¥ = volume of box, m'

' = concentration of pollutant, g/

0 = rate of infiltration of air into and out uf box, mYfs
concemtration of poflutant in outdoor air, g/m’

o
i

k= emission rate of pollutant into box (rem indour source, s
& = pellutant reaction rate coefficient, !

Reaction rate cuefficients for a selected list of pollutants are given in Table 6-8.
The general solution for Equation 6-27 is

ty | ol ]

The steady-state solutien for Equation 6-27 may be found by setting f C/dr = 0 and
solving for

- QCI +E B
C = Oiiv 6-29)

When the pollutant is conservative and does not decay with time or have a signil-
icant reactivity, & = 0. In the special case when the pollutant is conservative and
the ambient concentration is negligible and the initial indoor concentration is zero,

Equation 6-27 reduces to:
|J - cxp(* (g},]]‘ 6-30)

€=

&

Exumple 6-6. An unvented kerusenc heater is operated for one bour in an apartment
having avelume of 200 m’. The heater emits SOy at a rate of 50 s, The ambient air
concentration (€°,) and the initial indoor air concentration (Cy) of SO are 100 pgim’,

1f the rate of ventilation is 50 L./, and the apartment is assumed 10 be well mixed. what
s the indoor air concentration of SO at the end of one howur?

Noluri, The conc ion may be d d using the general solution form of the
indoor ar quality model (Equation 6-28). The decay rate for SO, from Table 6-8 is
6,39 % 107" & and 50 L/s is cquivalent to 0.050 m*fs

50 jug/e JLOSO s
retody av.—spr Y 1] /i proshiseetieiy
Gooms ¥ 100 ppm iy
0.050 m /s
300

[

1 639 % (0% ¢!

\
+ 639 %300 ‘}uﬁm s';)jﬁ

x [I - np[- (

A

%

~ (E),l 150 m s

+ 1100 wefm'rexp T

4620 % 10 u*)osm s.\J

= BTO0R(1 ~ expi~ 113 + 100exp{~ 1.13) = B76,08(1 - 0.323) &+ (XN 323)
= 9309 + 323 = 62539 or 630 pg/m’




Air Pollution Control of
Stationary Sources

® Gaseous Pollutants:

s Absorption
m Diffusion of pollutant gas to the surface of the liquid
m Transfer across the gas/liquid interface (dissolution)
m Diffusion of the dissolved gas away from the interface
into the liquid
m Adsorption
® The gas (adsorbate) penctrates into the pores of the
solid (adsorbent) but not into the lattice itself.
® Physical Bonds (Vander Wall’s forces) — Physisorption
s Chemical Bonds- Chemisorption
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s Combustion
m Flue Gas Desulfurization (FGD)

® Nonregenerative Systems — nine commercially
available non-regeneration systems.

Control Technologies for NOx

® Prevention

® Post-Combustion

Control Technologies for
Particulate Pollutants

Cyclones
® Fabric Filters
m Liquid Scrubbing

m Electrostatic Precipitation (ESP)

Cyclones

8 For particle sizes > 10 um in diameter

m This is an inertial collector with no moving parts

m Particle-laden gas is accelerated through a spiral
motion, which imparts a centrifugal force to the
particles

m Particles are hurled out of the spinning gas and
impact on the cylinder wall of the cyclone

" 12
g Dirly U Y lic I
i ey o | ZEEL (6-56)
Pplle O
dps = cut diameter, the particie size for which the eollection efficiency is 50
pereent
st = dynamic viscosity of gas, Pa-s
B = width of entrance, m
v Cleaned Gas M = height of entrance. m
r 2
o Disty Gas
FIGURFE 6-31 . E
Stambacd reverse flow eyclone propartions. £
Nure: Standard cvelone propartions are as follaws: §
Length of exhinder, Ly = 20 £ FIGURE 8232
Length of cone. Ly = 240, u.-lum-u::n ;-::
Dhamicter of exit, 22, = 8D ' T e it
fop / Height of entrance, i = 0.50% of Eoginees vl 5%, . 147,
| Wihh of entrance. # s (L25D;
H v i‘ :
Dyt of dust exit, ;= 230
: numbser of turn: e in traversing c
; Dust Tobe Length of ¢xILQUs, £r = 0.12500; Lc numbee s mnde in traversing the eyclone as defined
[pma The value of # may be d ined approximately by the ing:

(Sonrce: M. Crawfond, Adr Pellidion Control Tleors,

4’ New York: MeGraw-Hifl. 1976, Regrinted by permis-

Dhast shon.

L
# o e+ L) (6-57)

where Ly and £z are the length of the cylinder and cone, respectively.
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) : From ;
Fuample 69, Dt e iy of s santud ey g e lovis Frum he gas lem;rramm‘aad Table A-4of Append A, we find the dyneenic viscosity
characteristics for particles 10 um in diameter with density of 800 kp/m*: w185 ;J.P:l 5. Theaut d ameter is then
Cyclone barrel diameter = 0,30 m m 1
Gas flow rate = 4.0 m¥/s s 9@1\( 10 6PE'SJ{U.|3 mF(25 m) '

] T T
Gas temperature = 25°C (500 kg;ﬂmﬁ‘o m—‘k}@?.?)
Solution. From the standard cyclone dimensions we can calculate the following: =21X10%m =2 4 pm
B = (0250050m) = 013
H = (0500.50 m) = 028 m The ratio of particle sizes is
Li=1Ly=Q00H0S0m) = 1.0m

d o 10pm
The number of tums 7 is then ths ) b 5..-; " e
dgs ol pt

b= 5;%[31.03 + 10

=317

From Figure 632 we find that the collection cfficiency is abou 95 percent

Crutlet

Baghouses

® High efficiency control of particles smaller than
5 um is desired, a filter may be selected as the S
control method. ki

= Two types:

B The deep bed filter — furnace filter, and

m The bag house.

FUGRIRE 6-33
Baghouse.

. . . N o= | espl “--Kﬁ'\'g}] 10-3X)
Liquid Scrubblng —
Venturi Scrubber expo= exponential to base ¢
K = vorrelation coeflicient, m* of gas/m’ of lignid
R = liguid flow rate. mim’ of gas
= inertial impaction parameter defined by Equaticen 6-39

(50 RE T —
Canlles qur

Inertial Impact Parameter

Cppvgdd, )
dre & .’:fx’j.;" i6-59)
o

[

Cunningham correction Factor defined by Eguation 6-60, unitless
particle density, kg/m?
speed of gas at throat, ms

[

d,. = diameter of particle. m
= diameter of droplet. m
juo= dynamic viscosity of gas, 'a - s

10
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The Cumingham factor may be approximated wilh the following equation®

2010747
(=14 {liﬂiﬂm}) -0

where T = ahsolute lemperature, K
d, = diameter of particle, pm

Example 6- 14, Given the serubber described below, write an expression for eollection
efficiency that 15 a fonction ol particle size. Assume the particles are fly ash with a
density of 700 kgam® and a minimum size of 10 pm disneter.

Venneri churocteristics;

Thenat arca = 1.4
Cias flow rate = 9440 ;s
Gas temperature = 130°C
Liguid How rate = (L13 m'/s
Coefficient s = 200
Droplet diameter = 00 g

Solution, We begin by detenmaning the value of the Consingham commection factor for
the smialiest particle o see i the Jp term in the denominator mst be retained.

621 2 107425 K)
10 fim
) 40,0263

For this we can see that the terin containing o, will be small for aff particles greater
than 10 pm and we can use the ppproximation:

AR I

Ol
Refore we can proceed 10 calenlate o value for ¢ we must determine the gas velocity
at the throat:

- P

v, %
¥ A,

where A, = cross-sectional area of threat
440 i
YT T

The dynamic viscosity of the gas is determined from Table A-4 of Appendix A and
from the temperature of the gas (150°C). Teis 25.2 pPa - s,

Now we can calcubate in terms of dy in g, Nete that € = | and that 18 isa
constant.

U0 kg A0 msy < 1071 am i id,
TR0 X 0 253 < 10 Pa )

= (14id, ¥

Taking the square toat of ¢ and computing R as 0.1394.40. the expression for effi-
ciency as a function of diameter is then

B s 1 expl = {20000138 X 10 )12,
= 1 = exp| =033}

Electrostatic Precipitators (ESP’s)

Discharge
Electrodas Discharge
Electrodes

Graunded
Cuollector

Plates
l'.'ym;imdmi
Collecior
Tubes %, Gas Flow
1
ta) to)

FIGURE 6-35
Electostatic precipitawer with (a) wire in wbe. (h) wire amd plare. (Sowrce: EPA

Training Manual.y

Discharge
% 4
Elecirode +
+ - -+
& @{/J 14} - .M

oy = Collecting

% Flectriode o

B \é

() (h)

()

FIGURFE 6-36
Particle charging and collection in ESP. (Source: EPA Training Manual.)

The classic ESP efficiency equation is the one proposed by Deutsch.2

Aw
n =1~ eapj—mm (6-b1)
( G )
where A = collection area of plates, m?
w = migration velocity of particles, m/s
O, = gas flow rate, m'/s
The migration velocity of the particles is a function of the electrostatic force,
The migration velocity is described by the following equation:
qExC
Grrp

W=

where ¢ = charge, coulombs {C)

E, = collection field intensity, volls/m
r o= particle radius, m

1= dynamic viscosity of gas, Pa-s
= Cunningham correction factor

(6-62}

11



Example 6-11, Deterivine the collection efficiency of the electrostatic precipitator de-
seribed below Tor a paticle 154 wm in diameter having a deilt velocity of 0,184 mfs.
What is the effect of reducing the plate spacing 1o one-half of its current value and
doubling the number of plates?

ESP specifications:
Freight = 7.32m
Length = 6.10m
MNumber of passages = §

Plate spaciny = n

Gas flow rare = 19.70m's
Sedrtion. First we caleulate the area of the plates. For a single plate.
A e T3 A0 == 4465 m?
Since there are eight collecting surfaces (iwa for cach plate. 4 plates form 5 passagesy:
A= 4365wt X § = 3572 m?
This efficieney is then calewtated ina straightforward manner tsing Equation O0-61.

(357 201843
o 1 exp |t A

= (1064

4/16/2010

Therefore the efficiency is 6.4 percent. Now what is the effect of reducing the plate
spacing”? The spaving enters inte the efficiency equation through the calculation of the
collection field intensaty (8,). Treating everything else in Equation 6-62 as a constant,
we can write the following equation:

wo= KE,

where F, is measurcd in volts per meter. 11 the distance between the plares is reduced,
the collection field intensity is proportionately increased:

Thus, w increases by o factor of two. In order to maintain the same gas velocity, the
number of plates and, henve, the surface area (A) mest double. The new efficiency
would then be:

- o] (713 0.368)
RN

= | - 0.00X016
= (.999998 or 1,00

Thus, the efticieney would be increased fo 100 percent. Thas plate spacing may not be
feasible because of sparkover problems.

Air Pollution from Mobile Sources

= Sources:
& Gasoline engine
m Diesel engine
® Jet engine

= Effect of Design and Operating Variables on Emissions:
= Air-to-fuel Ratio

Load or Power Level

Speed

Spark Timing

Exhaust Back Pressure

Valve Overlap

Intake Manifold Pressure

m Effect of Design and Operating Variables on
Emissions..........

m Combustion Chamber Deposit Buildup
= Surface Temperature

= Surface-to-Volume Ratio

® Combustion Chamber Design

® Stroke-to-bore Ratio

m Displacement per Cylinder

= Compression Ratio

Control of Automobile Emissions

m Blowby

m Fuel Tank Evaporation Losses
m Carburetor Evaporation Losses
® Engine Exhaust

m Inspection/maintenance (I/M) Programs

12
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CHAPTER 7
SOLUTIONS

Density of oxygen
Given: Temperature = 273.0 K, pressure = 98.0 kPa
Solution:
a. Assume 1 gram mole of oxygen
From inside front cover of book GMW of O = 16.00
For O, = 2(16.00) = 32.00 g/mole

b. Calculate density (Equation 7-1)

. ( 1 J( (98.0kPa)(Imole)(32.00g /’mole))( 1000Pa J( 107 kg }

8.3143J/K - mole 273K kPa g
p =1.382 kg/m’

Density of Carbon monoxide (CO)

Given: Temperature = 298.0 K, pressure = 102.0 kPa
Solution:

a. Assume 1 gram mole of CO

From inside front cover of book find GMW of C = 12.01 and O = 16.00
CO = 28.01 g/mole

b. Calculate density (Equation 7-1)

. ( 1 J( (102.0kPa }(Imole)(28.01g /mole)](lOOOPa ][ 107 kg]

8.3143J/K - mole 298.0K kPa g

p =1.153 kgym’

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual

may be displayed, reproduced or distributed in any form or by any means, without the prior written permission of

the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their
individual course preparation. If you are a student using this Manual, you are using it without permission.




7-2

7-3  Density of methane (CHy)
Given: Temperature = 273.0 K, pressure = 101.325 kPa
Solution:
a. Assume 1 gram mole of CHy
From inside front cover of book find GMW of C = 12.01 and H = 1.008
CH4 = 16.042 g/mole

b. Calculate density (Equation 7-1)

B 1 ((101.325kPa)(1mole)(16.042 g /mole)}(lOOOPa) 10~ kg
P =\ 831431/K - mole 273K kPa ”

p =5.954 kg/m’

7-4  Show one mole = 22.414 L at STP
Given: STP =273.16 K, 101.325 kPa
Solution:
a. Solve Eqn. 7-2 for V. Note that ] = (N)(m) and that Pa = N/m? so that units are

(mole{- N-m ](K)
V= K -mole —m’

b5
mZ
b. Using Equation 7-2 withn =1

v (Imole)(8.3143J/K - mole)(273.16K) (1000 L/m®)
(101.325kPa)(1000 Pa/kPa)

V=22414L
7-5 Volume occupied by 1 mole
Given: T=25.0 °C, 101.325 kPa

Solution:
PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
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a. Solve Egn. 7-2 for V. Note that J = (N)(m) and that Pa = N/m? so that units are

T (ks J(K)

V= KI;Imole i

m2

b. Using Eqn. 7-2 withn =1

_ (1mole)(8.3143J/K - mole)(298.0K)
~ (101.325kPa)(1000 Pa/kPa)

(1000L/m*)
V=24453 L
7-6  Partial pressures of oxygen and nitrogen
Given: STP, oxygen = 8.583 moles/m3, nitrogen = 15.93 moles/m3, 1.0 m® of air
Solution:
a. Solve Eqn. 7-2 for P. Note that J = (N)(m) and that Pa = N/m? so that units are

(mole{%](K) K

2
m’ m

P: :Pa

b. Partial pressure of oxygen (Equation 7-2)

B _ (8.563mole/m’ )8.3143J/K - mole)(273.16K)
o, 3
: 1.0m

(10'3 kPa/Pa)

P, =19.45kPa

b. Partial pressure of nitrogen (Equation 7-3)

(15.93mole/m* (8.3143J/K - mole)(273.16K)
1.0m’

P, = (107 kPa/Pa)

P,, =36.18 kPa
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7-7  Partial pressures of oxygen, nitrogen, carbon dioxide

Given: T = 25.0 °C, oxygen = 8.32 moles, nitrogen = 16.40 moles, carbon dioxide =
16.15 moles, 1.0 m> tank

Solution:
a. Solve Eqn. 7-2 for P. Note that ] = (N)(m) and that Pa = N/m? so that units are

(mole(LmlJ(K) %
P= K -mole _N_»p

= — a
2
m’ m

b. Convert temperature to K
T=25.0+273=298K
c. Partial pressure of oxygen (Eqn. 7-2)

e (8.32mole)(8.3143J/K - mole)(298K)
o, 3
2 1.0m

(107 kPa/Pa)
P,, =20.61kPa
d. Partial pressure of nitrogen (Eqn. 7-2)

16.40mole)(8.3143J/K - mole)(298K )
1.0m*

L

N,

(10"3 kPa/Pa)
P, =40.63kPa

e. Partial pressure of carbon dioxide (Eqn. 7-2)

_ (16.15mole)(8.3143J/K - mole)(298K)

co. 1.0m>
Py, =40.01kPa

(10~ kPa/Pa)

7-8 Moles of O, Ny, and CO,
Given: Po, = 45.39 kPa, Py, = 40.63 kPa, Pcoy = 15.24 kPa, V =1.000 m’, T =25.0 °C

Solution:
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7-5
a. Solve Equation 7-2 for moles/m’ for O,
Note: J/K-mole = Pa-m*/K-mole

L (45.39kPa)(1.0m?)
(8.314J/K - mole)(298K

)(103 Pa/kPa)

n=18.32 moles

b. For N»

(40.63kPa)(1.0m*)

T R3141/K. mole)(298K)(103 Pa/kPa)

n = 16.40 moles

c. For CO,

L (15.24kPa)(1.0m* )
" (8.314J/K - mole)(298K

)(103 Pa/kPa)

n = 6.15 moles
7-9  Volume of carbon dioxide
Given: carbon dioxide = 5.2 kg, P=152.0kPa, T=315.0K
Solution:
a. Compute number of moles
GMW = 12.011 +2(16.00) = 44.0098

5200g

n=—————">=%—=118.18moles
44.0g/mole

b. Compute volume as in Problem 7-5

. (118.18mole)(8.3143J/K - mole)(315.0K)

(152.0kPa (1000 Pa/kPa) 10001/ m’)

V=2,036L
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7-10  Mass of oxygen
Given: volume = 5.0 m®, pressure = 568.0 Pa, temp. = 263.0 K
Solution:

a. Solve Eqn. 7-2 forn

L _PV__ (568.0Pa)5.0m’)
RT (8.314J/K - mole)(263.0K)

n = 1.2988 moles
b. Compute mass
Moz = (1.2988 moles)(31.9988 g/mole) =41.562 g
7-11  Volume of 235 g of O3
Given: 1.00 m3 of air; STP: 273.15 K, 101.325 kPa
Solution:
a. Calculate number of moles of O
GMW of O = 16.00 from inside cover of book

GMW of O3 =(3)(16.00) = 48.00 g/mole

-6
(235,&g)(10 g/ﬂg) =4.896x10 °moles
48.00

b. From ideal gas law with T=273.15 K

4.896x107°)8.314)(273.15)

vz( =1.097x107*L
101.325

c. Volumetric ratio

V, (1.097x104L)107° m*/L)
V, 1.0m’

air

=1.097x107 V/V
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7-13

7-7

Partial pressure of H2S

Given: 250 mg/L of H,S, Temperature = 0 °C, pressure = 108.26 kPa
Solution:

a. Compute number of moles

GMW = 2(1.0079) + 32.06 = 34.07 g/mole

he 250mg/L
34.07 g/mole(10° mg/g

) =0.0073366 mole/L

b. Solve Egn. 7-2 for P (see Problem 7-7)

_ (0.0073366moles)(8.314J/K - mole)(273.0K) (IOOOL J[ kPa J

HaS ™ 1.0L m’ A\ 1000Pa

P, =16.7kPa

Partial pressures of CHs, N3, and CO,

Given: 28 L volume, Temperature = 300 K, 11 g methane, 1.5 g nitrogen, 16 g carbon
dioxide

Solution:
a. Compute moles of each gas
GMWcns = 12.011 +4(1.0079) = 16.04 g/mole

n= _ Mg = 0.6856moles
16.04 g/mole
GMWy = 2(14.0067) = 28.013 g/mole

1.5g

n=———=>=22_ — =0.05355moles
28.013g/mole

GMWcoz = 12.011 +2(15.9994) = 44.01
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l6g

n=———————=0.6856moles
44.01g/mole

b. Compute partial pressures (Eqn. 7-2)

CHy, — 28.0L 3 L1000Pa

_ (0.6857moles)(8.3141/K - mole)(BO0.0K)(lOOOL}( kPa ]
m

P, =61.08 or 61 kPa

ol

2 28.0L 3 L 1000Pa

0.05355moles](8.314J/K-mole)(BO0.0K)(lOOOLJ( kPa ]
m

P

N

= 4.77 or4.8 kPa

Lo 28.0L 3 \1000Pa

7 _(0.3633m01es)(8.314J/K-mole)(300.0K)(1000LJ( kPa )
m

Py, =32.36 or 32 kPa

7-14  Moles of gas present in Problem 7-13
Given: See Problem 7-13
Solution:
a. Compute moles of each gas

(Note: this is essentially a repetition of part of Problem 7-12 computed here with
significant figures equal to that given)

GMWchs = 12.011 + 4(1.0079) = 16.04 g/mole

l1g

n=——————=0.688moles
16.04 g/mole

GMWh = 2(14.0067) = 28.013 g/mole

1.5g

n=———————=0.054moles
28.013g/mole
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7.9

GMWco2 = 12.011 +2(15.9994) = 44.01

log

n=———"->-"—=0.364moles
44.01g/mole

Gram molecular weight of air

Given: 22.414 L volume of air at STP, Py =21.224 kPa, Pn2 = 79.119 kPa, P, =0.946

kPa, Pc02 =(.036 kPa

Solution:

a. Compute number of moles of each gas

Oxygen

_PV _ (21.224KkPa)(10 Pa/kPa)(22.414L )10~ m*/L)

n —
RT (8.314J/K - mole)(273.15K)

n = 0.20947 moles

Nitrogen

_ PV _ (79.119kPa){10° Pa/kPa)(22.414L)(10™ m’ /L)

n= —]
RT (8.314J/K - mole)(273.15K )

n = 0.78086 moles

Argon

_PV _ (0.946kPa)(10’ Pa/kPa)22.414LY10" m’/L)
RT (8.314J/K - mole)(273.15K)

n = 0.00934 moles

Carbon dioxide

__PV_ (0.036kPa)(10° Pa/kPa }22.414L )10 m*/L)
RT (8.314J/K - mole)(273.15K)
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n = 0.00036 moles
b. Compute mass of each gas
Mo, = (n)(GMW) = 0.209469(32.00) = 6.703
Mnz = 0.78086(28.02) = 21.880
Mar = 0.009336(39.95) = 0.37297
Mcoz =0.000355(44.01) = 0.01562
c¢. Molecular weight of air
Moz + Mpz + Ma, + Moz = 28.972 or 28.97 g/mole
7-16  GMW or air at 500 °C
Given: Temperature = 500 °C, Pressure = 101.325 kPa
Solution:
a. Compute the moles of each gas.

Note: P is standard pressure and T =273.15 + 500 =773.15 K
Oxygen

_PV _ (21.224kPa)(10° Pa/kPa }22.414L)(10> m*/L)

RT (8.314J/K - mole)(773.15K)

n=0.07401 moles
Nitrogen

__PV _ (79.119kPa)(10° Pa/kPa)22.414L)(10” m’/L)
RT (8.314J/K - mole)(773.15K)

n=0.27588 moles
Argon

__ PV _ (0.946kPa)(10° Pa/kPa)22.414L)10 m’/L)
" RT (8.314J/K - mole)(773.15K)
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n = 0.00330 moles

Carbon dioxide

LBV _ (0.036kPa)(10° Pa/kPa }22.414L )10~ m*/L)
RT (8.314J/K - mole)(773.15K)

n = 0.00013 moles
b. Compute mass of each gas
Mop; = (n)(GMW) = (0.07401)(32.00) = 2.368
Mn; = (0.27588)(28.02) = 7.7282
Ma: = (0.00330)(39.95) =0.1318
Mcoz = (0.00013)(44.01) = 0.0055189
c. Molecular weight of air
Moz + Mnz + Ma; + Mgz = 8.102 g/mole
7-17 Micrograms/m3 to ppm for SO,
Given: 80 p.tg/m3 of SO,, T=25°C, P =101.325 kPa
Solution:
a. Compute GMW of SO,
GMW = 32.06 + 32.00 = 64.06
b. Convert to ppm using Eqn. 7-7
L)ool L orsas)

- (1.0)(1000)

ppm = 0.030555 or 0.031
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7-18 ppm to ].Lg/m3 for NO,
Given: 0.55 ppm of NO,, T =-17.7 °C = 255.45 K, P = 100.0 kPa
Solution:
a. Compute GMW of NO,
GMW = 14.01 + 32.00 = 46.01

b. Convert to }.Lg/m3 using Eqn. 7-7
Note: Temperature = 273.15 - 17.7 = 255.45

(0.55)(1000)(46.01)

P - 414{255.45){101.325J

M

273.15 . 100.0
M, = 1191.45 or 1191 pg/m’

7-19  Convert ppm CO; to ug/m’
Given: 370 ppm CO; at 20 °C and 101.325 kPa
Solution:
a. Compute GMW of CO,
GMW =12.01 + 2(16.00) = 44.01
b. Convert to pg/m’
M, = 1015
(22'414)(273:15](101:325J

M, = 676,932 or 677,000 j1g/m’

7-20  Stability of atmosphere based on temperature profiles
Given: Elevations and temperatures
Solution:

Case a.
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Compute lapse rate

AT _ (—6.21"(:)—(—3.05“C)=_0_0100 -C/m
AZ 318m—2m

Lapse rate per 100 m is -1.00 °C/100 m
Compare with neutral condition and find that the atmosphere is neutral.
Case b.

Compute lapse rate

AT _(3.09°C)=(6.00C) _ 15 -C/m
AZ 202m —10m '

Lapse rate per 100 m is -1.52 °C/100 m

Compare with neutral condition and find that the atmosphere is unstable.

Case c.

Compute lapse rate

AT _(1671°C)-(14.03°C) _ 1 0100 -C/m
AZ 286m —18m

Lapse rate per 100 m is +1.00 °C/100 m

Compare with neutral condition and find that the atmosphere is stable. In fact, it is
an inversion.

7-21  Stability of atmosphere based on temperature profiles
Given: Elevations and temperatures
Solution:
Case a.

Compute lapse rate
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AT _ (0.10°C)~(~4.49°C)

=0.0136 °C/m
AZ 339m-1.5m

Lapse rate per 100 mis 1.36 °C/100 m

Compare with neutral condition and find that the atmosphere is stable. In fact, it
1s an inversion.

Case b.

Compute lapse rate

AT _(19.67°C)-(28.05°C)

=-0.0314°C/m
AZ 279m~12m

Lapse rate per 100 m is -3.14 °C/100 m
Compare with neutral condition and find that the atmosphere is unstable.
Case c.

Compute lapse rate

AT _ (18.93°C)-(19.55°C)
AZ  339m-8m

=-0.00187 °C/m

Lapse rate per 100 m is -0.187 °C/100 m

Compare with neutral condition and find that the atmosphere is stable.
7-22  Stability of atmosphere based on temperature profiles

Given: Elevations and temperatures
Solution:
Case a.

Compute lapse rate

AT _(4.52°C)-(5.00°C)
AZ 50m —2m

=-0.0100"C/m

Lapse rate per 100 m is -1.00 °C/100 m
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Compare with neutral condition and find that the atmosphere is neutral.
Case b.

Compute lapse rate

AT _ (5.00°C)-(5.00°C)
AZ  50m-2m

=0.00°C/m

Lapse rate is 0.00 °C/100 m

Compare with the neutral condition and find that the atmosphere is stable. It is
also isothermal.

Case c.

Compute lapse rate

AT _(-25.17°C)-(-21.01°C)

= =-0.08667 "C/m
AZ 50m—-2m

Lapse rate is -8.67 °C/100 m
Compare with the neutral condition and find that the atmosphere is unstable.
7-23  Stability of atmosphere based on “Key”
Given: Time of year, time of day and wind speed
Solution:
Case a.

Because of late sunrise in winter, at 9:00 AM would expect solar insolation to be
“slight.” With wind speed of 5.5 m/s the stability class would be D.

Case b.

The neutral class (D) is selected for all overcast conditions. See footnote to Table
7-8.

Case c.
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A clear winter night means < 3/8 cloud cover. With a wind speed of 2.8 m/s,
select stability class F.

Case d.

At 11:30 AM in the summer we would expect the solar insolation to be strong.
With a wind speed of 4.1 m/s, select stability class B.

7-24  Stability of atmosphere based on “Key”
Given: Time of year, time of day and wind speed
Solution:
Case a.

At 1:00 PM on a clear summer afternoon we would expect the solar insolation to
be strong. With a wind speed of 1.6 m/s select stability class A.

Case b.

The neutral class (D) is selected for all overcast conditions. See footnote to Table
7-8.

Case c.
At 9:30 AM on a clear winter morning we would expect the solar insolation to be

slight. With a wind speed of 6.6 m/s, select stability class D.

Case d.

Use the “thinly overcast” column and a wind speed of 2.4 m/s to select a stability
class of E.

7-25  Stability of atmosphere based on “Key”
Given: Time of year, time of day, wind speed, and cloud cover
Solution:
Case a.

At 1:00 PM on a clear summer day we would expect solar insolation to be strong.
With a wind speed of 5.6 m/s, select stability category C.

Case b.
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7-27

7-17

A clear summer night means “< 3/8 cloud”. With a wind speed of 2.1 m/s, select
stability category F.

Case c.

Overcast conditions have a default stability category of D. See footnote to Table
7-8.

Case d.
See the notes below Table 7-8. For broken clouds “strong” solar insolation (as
expected on a clear summer afternoon) is reduced to “moderate” with a wind
speed of 5.2 m/s, select class C-D.

Downwind distance to inversion layer (xL)

Given: Time of year, time of day and wind speed, inversion base at 667 m

Solution:

a. Stability class

Because of late sunrise, solar insolation will be slight. With a wind speed of 2.6
m/s, select a stability class of C.

b. Compute S, with Eqn. 7-24
S,=047(667)=313.5m

¢. Use Figure 7-23 with stability class C and S, = 313.5 to locate xi_at 5.8 km. (Some
allowance for graph reading should be given.)

Downwind distance to inversion layer (xi)

Given: Time of year, time of day and wind speed, inversion base at 369 m
Solution:

a. Stability class

The neutral class (D) is selected for all overcast conditions. See footnote to Table 7-8.
b. Compute S, with Eqn. 7-24

S,=047(369)=17343 m
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c¢. Use Figure 7-23 with stability class D and S, = 173.43 to locate x at 14 km. (Some
allowance for graph reading should be given.)

7-28 Distance downwind plume will begin mixing downward

Given: Time of year, time of day, wind speed, inversion base of 265 m, effective stack
height of 85 m

Solution:
a. Stability class
For overcast conditions, pick stability class D. See footnote to Table 7-8

b. Compute S,
S;=047(265 - 85)=84.6 m

c. Using Figure 7-23, find x, = 4.5 km
(Some allowance for graph reading should be given.)

7-29 Downwind concentration of SO,

Given: Example 7-4, inversion base at 200 m, point downwind 4 km and 0.2 km
perpendicular to plume

Solution:

a. First check to see if Eqn. 7-25 should be used. Stability class D is given in Example 7-
4.

S,=0.47(200) = 94.0 m
Using Figure 7-23, we find x;. = 5.5 km and that the inversion form of the
equation would apply beyond 2(5.5) = 11 km. Since the concentration is to be
calculated at 4 km, use Eqn. 7-19.

b. Find plume standard deviations from Figures 7-22 and 7-23: Sy, =230 m, S,=78 m.
By Eqn 7-22, S, = 68(4)*%* = 234.8
By Eqn 7-23, S, = 44.5(4)°°1% - 13 =77.99.

c. Calculate concentration (using S, =230 m, S, = 78 m)
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P I J(@T axg] - 1 128Y
)230)78)450) | 2\230) |7F "2\ 78
7 =(0.00653)exp[- 0.378]exp[-1.346] =1.16x107 g/m’
Slightly different answer will result if Eqns. 7-22 and 7-23 are used.
7-30 Emission rate of TSP

Given: Stack parameters, atmospheric conditions and downwind concentration of 1,520
3
pg/m

Solution:
a. Determine stability class (Table 7-8)

Solar insolation will be strong on a clear summer afternoon. With a wind speed
of 3.2 m/s, select stability class B.

b. Select Eqn.7-19 because no inversion is specified.

c. Calculate plume rise (Eqn. 7-21)

Aﬂzﬁﬁ)ﬂ-_m)_ 1.54 2.68><10‘2(100.0)(M (1.5)||=19.6m
3.20 595

d. Calculate effective stack height (Eqn. 7-20)
H=750+19.6=94.6m

e. With stability class B and downwind distance of 2 km
By Eqn 7-22, S, = 156(2)"%* = 289.898
By Eqn 7-23, S, =108.2(2)" " - 2 = 233.61

f. Solve Eqn. 7-19 for E

_ (1520x107 )z)(289.898)(233.61)(3.20)
1 [ 500 Y 1( 946 Y
expl —— expl = —| s
21 289.898 21233.61
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E=4,970.91 or 5,000 g/s

7-31 Downwind concentration of SO,

Given: Stack parameters, emission rate, 1976 g/s of SO,, wind speed = 2.5 m/s, 1:00 AM
on clear winter night, effective stack height = 85 m, inversion layer at 185 m

Solution:
a. Determine stability class

Based on clear sky at night and wind speed = 2.5 m/s, select stability ¢ ategory
E

b. Check x;.
S, =0.47(185-85)=47m
With stability class F and S; =47, find xL = 10 km in Figure 7-23
2xe = 20 km
Because 30 km > 20 ki use Equation 7-25
c. Calculate S, using Table 7-9 and Equation 7-22
S, =34(30)"** = 711.26
d. Calculate downwind concentration

1976

27 (711.26)(2.5)(185)

=24x107 g/m’

7-32  Maximum SO; concentration
Given: Coal specifications, stack data and meteorological conditions
Solution:
a. Computations to set up spreadsheet

(1) Select stability class
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From Key at “thinly overcast” and wind speed = 3.8 m/s, select category D
(2) Calculate emission rate
Note: 95% conversion efficiency (see Example 7-2)

S+0, —» 80,

GMW: 32 32 o4

Thus, 1 g of S in coal yields:
64
lg) — [=2g SO
( g)( 32 ) g 2
From burning rate and 2.80% S in coal and 95% conversion efficiency:

1 64
E = (28.82x10° g/h)| ———— |(0.0280) 2 |(0.95
( e/ {36005/h]( {32} )

E =425.90 g/s

(3) Calculate effective stack height (Eqn. 7-21). Note T is absolute temp in K

AH = (io‘:f)%)[l.s +(2.68x1072 )1 03.285{29%2—)(1.8)} =20.84m

H=40.0m+20.84 m = 60.84 m

(4) Estimate downwind distance to switch from Eqn. 7-19 to Egn. 7-25
(a) Calculate S,

S, =0.47(170.0 - 60.84) =51.3 m

(b) From Figure 7-23 at stability class D and S, = 51.3 m, read
xL =2.1 km

(c) Switch from Eqn. 7-19 to Eqn. 7-25 at 2(2.1) = 4.2 km

b. See following spreadsheet calculations

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
may be displayed, reproduced or distributed in any form or by anv means, without the prior written permission of
the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their
individual course preparation. If you are a student using this Manual. you are using it without permission.




7-22

Stability class D
Emission rate 425.9 g/s
Effective stack height 60.84 m
Inversion base = 170 m
X 2.1 km
2%, 4.2 km
Wind speed 3.8 m/s

continued on following page
Distance Sy S, First Term| Exponential X
0.1 8.679784 | 4.553715 | 0.902608 | 1.7316E-39 | 1.563E-39
0.2 16.12983 | 8.636769 | 0.25609 | 1.6776E-11 | 4.296E-12
0.3 23.1769 | 12.16919 | 0.12649 | 3.7357E-06 | 4.725E-07
0.4 29.9744 | 15.38565 | 0.077358 | 0.00040227 | 3.112E-05
0.5 36.59216 | 18.3859 | 0.053027 [ 0.00419052 | 0.0002222
0.6 43.07012 | 21.22439 | 0.039027 | 0.01643321 | 0.0006413
0.7 49.43409 | 23.93505 | 0.030152 | 0.03953478 | 0.001192
0.8 55.70207 | 26.54089 | 0.024132 | 0.07226988 | 0.001744
0.9 61.88733 [ 29.05841 | 0.019838 [ 0.11171336 | 0.0022162

1 68 31.5 0.016655 | 0.15486397 | 0.0025793
1.5 97.70898 | 41.85587 | 0.008723 [ 0.34769913 | 0.0030331
2 126.3659 | 50.63433 | 0.005576 | 0.48584348 | 0.0027089
3 181.5747 | 65.44307 | 0.003002 | 0.64912067 | 0.0019489
4 234.8284 | 77.99614 | 0.001948 [ 0.73769109 | 0.0014369
S 286.6739 | 89.10066 | 0.001397 0.0009176
6 337.4241 | 99.17241 | 0.001066 0.0007796
7 387.2813 | 108.4593 | 0.000849 0.0006792
8 436.3866 | 117.1231 | 0.000698 0.0006028
9 484.8437 | 125.2767 | 0.000587 0.0005426
10 532.7322 | 133.0024 | 0.000504 0.0004938
20 989.9875 | 195.7812 | 0.000184 0.0002657
30 1422.51 | 244.368 | 0.000103 0.0001849
40 1839.715 | 285.554 | 6.79E-05 0.000143
50 2245.888 | 321.9874 | 4.93E-05 0.0001171
60 2643.481 | 355.0324 | 3.8E-05 9.951E-05
70 3034.077 | 385.5021 | 3.05E-05 8.67E-05
80 3418.782 | 413.9278 | 2.52E-05 7.695E-05
90 3798.409 | 440.6795 | 2.13E-05 6.926E-05
100 4173.582 | 466.027 | 1.83E-05 6.303E-05

c. Use highest value of ¢ on spreadsheet to calculate ppm using Eqn. 7-7

0.0030331g/m* (1000000 ug/g) (22 414)[101.325 262
64 ' 103.285 \ 273

ppm = 1.0(1000)

ppm = 1.00
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7-34

Ventilation rate to reduce concentration to 0.05 ppm

7-23

Given: Steady-state conditions, CH,O = 0.28 ppm, outdoor air = 0.0 ppm, ¥ = 148 m’, k

=1.11x 10%s" ,
C Ghle 771170 79

Solution:

a. Calculate Q in m*/h

Q = ventilation rate = (0.56 ach)(148 m) = 82.88 m’/h

b. Estimate emission rate (E) in ppm/h

k=(1.1x 10 s")(3600 s/h) = 0.3996 h"

028 2 (82.88m’/h)0.0)+ E
7 82.88m° /h +(0.3996h ' J148m’ )

E =39.77 ppm/h

c¢. Estimate new ventilation rate

0.05 = 0+39.77ppm
Q+(0.3996h " J148m”)
Q=736.11mh

d. In air changes per hour

3
ach = —3—/}1 =497 or5 ach
148m

Set point for CO alarm

Given: Furnace emits 3 mg/s of CO, ¥ = 540 m’, C = 10 mg/m’, k = 0.0, Q = 100 m*/h

Solution:
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Indoor Air Quality - Carbon Monoxide
E |3 mg/s
V- |540 m?®
C. |10 mg/m* =NAAQS 8 hour std
Q [0.0278 m%s =100 m*h
k [0.00E+00 s’
Ce b1 mg/m’®

General Equation

EN 0.005555556
c,an 0.000514815
Qv 5.14815E-05

Firstterm | 117.9136691
Exp Pwr 5.14815E-05

taiowea [hOUrs] | Ci[ma/m®] |t [hours]| Safety factor
8 10 0.43 |0.054027143

1 30 1.54 |1.538204091

0.5 60 3.79 |[7.580744826
0.25 100 10.12 | 40.48644032

7-35  Slope of equilibrium curve for HCI
Given: Pressure and corresponding liquid concentrations
Solution:
a. Convert to mole fractions (example)

38.9

«_ 36.46GMW -HCI _
x* =20 100 0.1612

36.46 18.015

_0.6533
101.325

*

=0.006477

b. The following table was calculated in a similar fashion

x* | y*
0.1612 | 0.006477
0.1351 | 0.000859
0.1099 | 0.000269

c. Perform a linear regression to find m = 0.120, b= 0.139 and y=0.120x - 0.0139
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7-36  Slope of equilibrium line for SO,
Given: Pressures and water concentrations
Solution:
a. Convert to mole fractions as in Problem 7-35

b. Tabulation of mole fractions

0.0008|0.0259

c. By least squares linear regression
m=39.71
7-37 Height of packed tower to remove H,S
Given: Operating conditions for tower
Solution:
a. Compute mole fractions at inlet and outlet

Since operating temperature is 25 °C, the density of air is 1.185 kgz’m3 .

0.100kg/m’
34.07GMW -H,S
Ya= 3
1.185kg/m
28.97GMW - air

=0.071755

0.005kg/m’
_ 3407GMW -H,S

Y. =

=0.003587

28.97GMW - air

X2 = 0.0
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b. Compute the value of A (see example 7-7)

28.97GMW - air
20kg/sH,O
18.015GMW -H,0

22[ Skg/sair J
=0.858464

c. Number of gas transfer units (Eqn. 7-46)

ln{0.071755 ~5.522(0)
N

0002587 5522(0)(1—0.8584)+0.8584}
=t : =9.233

o 1-0.8584

d. Height of individual gas transfer unit (Eqn. 7-47)
Hoe = 0.444 + 0.8584(0.325) = 0.723
¢. Height of tower (Egn. 7-45)
Z;=1(9.233)(0.723) = 6.6 or 7Tm
7-38 Height of packed tower to reduce H,S concentration to 0.0002 mg/L

Given: Problem 7-37, initial concentration = 0.100 kg/rn3, final concentration = 0.0002
mg/L

Solution:

a. Compute mole fractions at inlet and outlet with operation temp. = 25 °C, air density =
1.185 kg/m®

Note: (0.0002 mg/L)(10° L/m*)(10° kg/mg) =2 x 107 kg/m®

0.100kg/m?
34.07GMW - H,S
Yi = 3
1.185kg/m
28.97GMW - air

=0.071755
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2x1077
4.07GMW -
y, = SOTCMW-HS _ | 4351x107
1.185kg/m
28.97GMW - air
X2 = 0.0
b. Compute the value of A
557 S sent i
. - air
A — =
20kg/sH,0 0.858464

18.015GMW -H,0

¢. Number of gas transfer units

{ 0.071755 - 5.522(0)

n - (1-0.8584)+0.8584
1.4351x1077 —5.522(0)

= =78.87
1-0.8584

d. Height of individual gas transfer unit
H,, = 0.444 + (0.8584)(0.325) = 0.723

e. Height of tower Z; = (78.87)(0.723) = 57.02 or 57 m
Obviously an impractical solution!

7-39  Height of packed tower to remove Cl,

Given: Operating conditions for tower

Solution:

a. Compute mole fractions at inlet and outlet

Since operating temperature is 20 °C, the density of air is 1.205 kg/m® (see example
problem for calculation).
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10.0mg/m’ (10'6 kg/mg)
70.906GMW - Cl,
1.205kg/m’
28.97GMW - air

=335 1

2.95mg/m* (10~ kg/mg)
906GMW -Cl
y, = 70-906G —2—=1.00x10""
1.205kg/m

28.97GMW - air

x2=10.0
b. Compute the value of A

6.8 [ 3kg/sair
A= 28.97GMW -air
15kg/sH,0O
18.015GMW -H,O

:| =0.848203

c. Number of gas transfer units

n[a.wxm'6 ~6.820(0)

Tl 6820(0)(1—0.8482)4-0.8482]
L .o i =2.039

" 1-0.8482

d. Height of individual gas transfer unit
H,, = 0.662 + 0.8482(0.285) = 0.9037
e. Height of tower
Z,=1(2.039)(0.9037)=1.840r2 m
7-40  Langmuir Constants for hydrogen sulfide (H,S)
Given: Partial pressures and mass adsorption data
Solution:

a. Calculate equilibrium concentration of gas
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Assume standard atmospheric pressure = 101.325 kPa

¥ Pis [GMW-HZS
101.325 | GMW - air

c*:( 0.840 J(34.08]:0_009752

101.325 )\ 28.97
b. Complete table of C* and C*/W

Ps | ¢ | w | cw

0.840 |0.009752| 0.082 | 0.1189
1.667 | 0.01935 | 0.1065 | 0.1817
2666 | 0.03095 | 0.118 | 0.2623
3.333 | 0.03869 | 0.122 | 0.3171

c. From plot on following page

0.3500 - | T

0.3000 +——

0.2500 |— | } / -

0.2000 - S

C*'W

0.1500 {——————

0.1000 /
0.0500 4/ ! SR P — o

0.0000 }

|
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
y = 6.8585x + 0.0507

R? = 0.9999

Figure S-7-40: Plot to determine Langmuir constants for H>»S on molecular sieve
1
Intercept = — = 0.0507
a

a=19.72o0r20
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7-41  Langmuir Constants for benzene (CgHg)

Slope = ] =6.8583
a

b = (6.8583)(19.72) = 135.25 or 135

Given: Partial pressures and mass adsorption data

Solution:

a. Compute C* as in 7-40

7-30

Pes | C | W CHW
0.027 0.00072 0.129 0.00556
0.067 0.00178 0.170 0.01047
0.133 0.00354 0.204 0.01735
0.266 0.00708 0.240 0.02950
b. From plot
0.03500
0.03000
0.02500 // -
-
0.02000 e , |
= ~ |
5 /
0.01500 SV -
0.01000 // _____ i
0.00500 / B - |
0.00000 | ‘ | |
0.00000 0.00100 0.00200 0.00300 0.00400 0.00500 0.00600 0.00700 0.00800
o V=37171x+0.0035
R? = 0.9967

Figure S-7-41: Plot to determine Langmuir constants for C¢Hg

Intercept =

o |-

a=28571 or 286

=0.0035
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Slope =—=3.7171

b =(3.7171)(285.71) = 1062.03 or 1060

s | o

7-42  Freundlich constants

Given: Table of ge vs. Ce

Solution:
Ce Je
70 520
170 550
700 640
1750 690
4000 740
7000 780
B - o ’
| Freundlich Plot for
Tetrachloroethylene
y=iGhE Y Tt
1000 -
800 | ; -
= : I
5 600 7//’
e
= 400 |
o | | :
200 S i bl o v .
0 E. ) | L | ‘ 1 | |
0 2000 4000 6000 8000
Ce [PPmM]
L _

Figure S-7-42: Freundlich plot

From the curve fitting equation
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K=1352.17

n = (0.0898

7-43  Breakthrough time
Given: Carbon column design and operating data
Solution:
a. From Appendix A, p, = 1.185 kg/’m3

b. Face velocity (Eqn. 7-52)

_ (1.185kg/m’ (1 +3000(0.00350))
YT (465)(450)1.185kg/m” 5.0)

=1.1x10"° rn/s

c. Breakthrough time

_ 0.75m—(_)5.045m — 6.409%10°
1.1x107° m/s
4
e = 6.409x10%s _ 17.8h
3600s/h

7-44  Thickness of adsorption bed
Given: Carbon column operating data
Solution:

a. Gas density at 25 °C and 105 kPa from Appendix A.
Interpolate to find py = 1.22685

b. From Dalton’s law, partial pressure may be determined from ratio of volumes.
Since pollutant concentration is 3000 ppm (V/V ratio): 3000 ppm = 0.30% = 0.003

C* = (0.003)(2.36 m*/s)(1.22685 kg/m®) = 0.00869 kg/s
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7-33
¢. Calculate cross sectional area

_ m(3.00)"

A =7.0686m”

c

d. Calculate face velocity

_ (2.36)(1.22685)(1+900(0.00869))
L7 (400)(390)(1.22685)(7.0686)

=1.888%107 m/s

e. Solve for height of bed (Egn. 7-50)
Z,= (tg)(vp) + O
Z,= (8 h)(3600 s/h)(1.888 x 10” m/s) + 0.028
Z,=0.5717 or 0.57 m

Catalyst dimensions to remove toluene

Given: Cin = 1.87 g/m®, Cou = 0.00187 g/m®, Qi = 16.33 m*/s, Combustion air = 1.80
m’/s, Ty, = 20 °C, Teombusion = 510 °C, bed gas velocity = 7.5 m/s, k = 120 s™!

Solution:

a. Volumetric flow rate at 510 °C

510+273

=(16.33+1.80
Qr =( )(20+273

j =48.45m’ /s

b. Cross sectional area to obtain 7.5 m/s velocity
48.54m’ /s
T 75mfs
c. Desired retention time (1% order kinetics)

Area = =6.46 or 6.5 m*

C, _0.00187

i, =0.0010
c, 187

0.0010 = exp(-120(1))

1n(0.0010) = -120(t)
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t=0.0576 s
d. Depth of catalyst
D = (7.5 m/s)(0.0676 s) =0.4317 or 0.43 m
7-46  Catalyst dimensions to remove hexane

Given: Cj, = 454 g/min, Coy = 100 ppm at STP, Q;, =7.1 m%/s, Tin =315 °C, Qcombustion =
550 °C, bed gas velocity = 9.5 m/s, k =55 s

Solution:

a. Volumetric gas flow rate at 550 °C

550 +273 ;
=(7.1) =2 | =9.94m’ /s
Q= )[315+273] /

550+273 3
: . =(0.70) —— |=1.97m"/s
mebustlon ( { 20+273 ) /

Qr=9.94+1.97=11.91m%s
b. Cross sectional area

11.91m’/s
9.5m/s

Area = =1.25m?

c. Convert 454 g/min to g/m’® at STP

Qgas = (7.1 m*/s)(60 s/min) = 426.0 m*/min

At STP
(426.0m3/min 2B =197.79m>/min
315+273
454.0g/min 3
=———=2295g/m
" 197.79m’ /min g/

d. Convert 1.0 ppm to g/m’
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Solve Eqn. 7-7 for M,
GMW Hexane (CgH4)

6(12.01) + 14(1.008) = 86.172
_ (100ppm)(1000)(86.172 g/mole)

f (22414)(2_73 101.325
' 273 \101.325

e. Desired retention time (1 order kinetics)

M =3.845x10° ug/m*

t

—t = =0.168
s 2.295g/m’

C, _3.845x107' g/m’

0.168 = exp(-55(1))
In(0.168) = -55(1)
t=0.032s

f. Depth of catalyst
D =(9.5m/s)(0.0325)=0.309mor0.3m

7-47  Cyclone efficiency for 1.0 m barrel

Given: 2.50 um diameter particle, p = 1250 kg/m’, Q, = 2.80 m’/s, T =25 °C

Solution:

a. Using Figure 7-35 with D, = 1.0 m
B=0.25(1.0)=0.250m
H=0.5(1.0)=0.50 m
Li=1,=2(1.0)=2.0m

b. The number of turns is
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T
6 =-"_[2(2.0)+2.0]=37.7
559 2(20)+2.0]

c. From the gas temperature and Table A-3 the dynamic viscosity is 18.5 pPa-s

d. The cut diameter 1s

_ [9(18.5 %107 Pa -5 0.250m)’ (0.50m
05 —

/2
)| "
= 6.28x10
(1250kg/m’ J2.80m’ /s )37.7) eem

=6.28 um
e. The ratio of particle sizes is

A 250 es oi0 4

dys  6.28um
f. From Figure 7-36 the efficiency is about 14%
7-48 Cyclone efficiency for multiclone
Given: Data in Problem 7-47 and D; = 0.10 m
Solution:
a. Using Figure 7-35 with D, =0.10 m
B =0.25(0.10) = 0.025
H =0.5(0.10) =0.050
Li=L,=2(0.10)=020 m
b. From the gas temperature and Table A-3 the dynamic viscosity is 18.5 uPa-s

2.80m’/s

c. The cut diameter (with Q = =0.280m’/s)

‘ _[9(18.5><106Pa-s)(0.025m)2(0.05m
0.5 T

12
) .
— 6.28x10
(1250 kg/m" )0.280m’ /s)37.7) o
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7-37

=0.628 um
d. The ratio of particle sizes is

d _ 2.50um _

= 3.98
dys 0.628um

e. From Figure 7-36 the efficiency is about 0.95 or 95%

Cyclone efficiency

Given: Cyclone in example 7-10; p, = 1000 kg/m ; radii of 1.00, 5.00, 10.00, and 25.00
m

Solution:

a. Determine cut diameter

=2.08x10"°m

o | 918:5%10Pa-s}0.125m)* (0.25m) "
0 (1000kg/m® J4.0m*/s)37.7)

=2.08 um
b. Ratio of particle sizes and efficiencies from Figure 7-36 remembering that d = 2r

Particle dia.[uml' d/d, 5 | Efficiency

2 0.963026485 45
10 4.815132423 98
20 9.630264846 100
50 24.07566212 100

continued on following page
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Cyclone Efficiency vs Particle

Diameter
| 120
g 100 | e o
2w/
g _
§ 60
S 40 E —
= 2 —— -
O - L ! I I |

Particle diamter [um]

Figure 5—7—49: KCyclone efficiency -
7-50  Pulse-jet baghouse to replace mechanical shaker
Given: Example 7-11, 15 cm diameter x 5 m long bags, air to cloth ratio of 0.050 m/s
Solution:

a. Area required

20m’ /s

= =400m’
0.050m*/s-m?

b. The net number of bags required is

400m*

_— —=169.77 170 b
7(0.15m)(5m) PR IS
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7-51 Reverse air baghouse for coffee bean screening

Given: Emission =0.75 g/m3, Q=33 m’/s, bag diameter = 20 cm, length = 12 m, A/C =
0.010, bag cleaning = 0.5

Solution:

a. Area required

3.3m’/s

= =330m’
0.010m’*/s - m?

b. Net number of bags

330m’

P —4377 or44b
72(0.20m)(12m) orn hags

¢. With 50% off-line for cleaning, the additional number of bags is

Bon
2

And the total number of bags is 44 + 22 = 66 bags
d. Mass of particulate collected
M, = (0.75 g/m*)(3.3 m*/s)(86400 s/d)(0.99) = 211,702 g or 210 kg/d
7-52  Overall efficiency of venturi
Given: Example 7-12 and particle size distribution
Solution:

a. Calculate Cunningham correction factor for smallest particle to see if d, term can be
ignored.

(6.21x107 )1.50)

2.5

Therefore for all particles > 2.5 um we can see that the term containing d, will be
small and can use the approximation C = 1.

C=1+ =1.04 or 1.0

b. Determine gas velocity at throat:
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_ 944m’/s

g 1.0m?

c. Calculating psi in terms of d

v (1X700)(94.4)(d, | (1072)

=94.4m/s

~18(100x107)2.38x107°)

1.54(d, )

d. Taking the square root of y and computing R as 0.13/94.40, the expression for
efficiency as a function of diameter is then:

N =1-exp|-0.342(d, )

e. Example calculation for diameter of 2.5 pm

N =1-exp[—0.342(2.5)]x100% = 57.47%

f. Therefore mass efficiency

25% total mass x 57.47% = 14.36%

g. Tabulated results:

Paricle % of total Mass
Diameter [um]| mass | Efficiency | Efficiency [%]

25 25 0.5747 14.37

7.5 20 0.9231 18.46

15 15 0.9941 14.91

25 15 0.9998 15.00

35 10 0.9999 10.00

50 15 0.9999 15.00

100 87.74

h. Therefore the overall mass efficiency is = 88%

7-53  Venturi throat area to achieve efficiency = 99%

7-40

Given: d, = 2.50 pm, p, = 1400 kg/m?, Q,=10.0 m®/s, temperature = 180 °C, Q; = 0.100
m*/s, k = 200, droplet diameter = 100 um

Solution:

a. Solve Eqgn. 7-58 for y
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r= _0100_,,,
Q. 100

0.99 = 1 - exp|- (200)(0.01)(% )|
0.99 =1-expl-(2)¥)"
—0.01=—exp|- (2)(¥)"]
1n(0.01) = In(exp|- (2)(¥)"* )
—4.6052=-2.0(¥)"

¥ =530

b. Cunningham correction factor (T = 180 + 273 =453, d, = 2(1.25) = 2.50 pm)

(6.21x10)453)
28 -

C=1+ 1.11

c. Find u from footnote in Table A-4 assuming p = 101.325
pw=17.11 +0.0536(180) +101.325/8280 =26.77 pPa-s

d. Solve Eqn. 7-59 for v,

(%)(18)(d, )

T, ), P

(5.30)(18)(100x 10 )26.77%10°)
(1.11)(1400)(2.50x107¢ )’

ng

=263m/s

e. For Qg =10.0 m’/s

3
_10.0m’/5 ,/S =0.38m’
26.3m/s

Throat area = 0.38 m*
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7-54  Overall mass efficiency

Given: particle size distribution and data from Problem 7-53

Solution:

Gas temperature 180 °C = 453 K
Pp 1400 kg/m®
Gas velocity 26.3 m/s
Droplet diameter 100 um
U 26.77024 nPa-s See Table A-4 footnote
k 200
Q 0.1 m°/s
Q, 10 m°/s
R 0.01
Mass |Mass Fraction
Particle dia.[um] C f Eta Mass % | Fraction | Efficiency [%]
0.05 6.62626 | 0.0127 | 0.2014967 0.01 0.0001 0.00
0.3 1.93771 [ 0.1333| 0.5181334 0.21 0.0021 0.11
0.8 1.351641| 0.661 | 0.8032923 0.78 0.0078 0.63
3 1.093771 | 7.5219 | 0.9958524 13 0.13 12.95
8 1.035164 | 50.623 | 0.9999993 16 0.16 16.00
13 1.021639 | 131.93 1 12 0.12 12.00
18 1.015629 | 251.44 1 8 0.08 8.00
80 1.003516 | 4907.5 1 50 0.5 50.00
Overall mass efficiency = 99.68

7-55 ESP Collection Efficiency

7-42

%

Given: Collection tube diameter = 0.300 m; L = 2.00 m; dp = 1.00 um; Q. = 0.150 m’/s;
E, = 100,000 V/m; q = 0.300 {C; temp = 25.0 °C

Solution:

P. o ——~ A
a. From Appendix A, L= 18.5x 10°Pas

b. Calculate Cunningham correction factor (Eqn. 7-60)

=

1+

(6.21x10 }298) _

1.00

1.19

c. Calculate migration velocity (Eqn. 7-62)
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_ (0.300x107")(1.0x10° }1.19)
~ (6)(m)0.50x107 f18.5x10™)

=0.205m/s

d. Area of collection surface
A =7(0.300m)(2.00m) = 1.885m?

e. Efficiency

i 1_@@[{1.885)((}.205)} G
0.150

Efficiency = 92.4%
7-56  ESP Collection Efficiency
Given: Problem 7-55
Solution:
a. All calculations from 7-55 remain same except last step

b. Efficiency

‘]’] = 1 — exp|:(1_$§5)(0—205)} s 09942
0.075

Efficiency = 99.42%
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DISCUSSION QUESTIONS

7-1 Effect of change in pressure on ppm measurement
Given: Gas bag sample at 103.0 kPa with 0.02 ppm SO,
Solution:

The concentration would remain the same because ppm in air pollution is a volume to
volume measurement and the ratio of volumes would remain constant.

7-2  Strongest inversion conditions
Given: three choices
Solution:
Choice b - "Clear winter night with fresh snow cover.” Because of snow cover radiative
heating of the ground is minimized (the snow reflects the solar radiation). On a clear
night, the radiative cooling of the ground is the greatest. This results in a very cold
ground surface and, thus, the strongest inversion.

7-3 Selection of air pollution control device
Given: very hot cement kiln dust and three choices of control equipment
Solution:
Choice ¢ - "Electrostatic precipitator.” The nature of cement dust precludes wet
collection, i.e. it will solidify the collection equipment. The very hot gas temperatures
will damage the fabric of the bags in the bag house.

7-4 Photochemical oxidants and automobiles

Given: Photochemical oxidants are not directly attributable to people or natural sources.
Why are autos singled out?

Solution:

Photochemical oxidants are the result of a reaction between volatile organic compounds
and nitrogen dioxide in the presence of sunlight. Autos are singled out because, in major
metropolitan areas, they are the major source of these two compounds.

7-5  Why PM2.5 standard is more appropriate then TSP
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Solution:

The PM2.5 standard restricts the concentration of particulate matter smaller than 2.5 pm
in diameter. Particles in the range below 2.5 um in diameter have the greatest potential to
penetrate to the lower respiratory tract and, thus, damage the alveoli. TSP restricts the
concentration of all particles but because larger particles contribute more mass, the
standard does not protect the lung from large concentrations of fine particles.

PROPRIETARY MATERIAL. © The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual
may be displaved, reproduced or distributed in any form or by any means, without the prior written permission of
the publisher, or used beyond the limited distribution to teachers and educators permitted by McGraw-Hill for their
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r WASTE DECOMPOSITION PRODUCTS

Exist different uses of the waste decomposition in the wastewater treatment according to its type.

- The type of waste decomposition is determined by the type of the electron acceptor available:

[' «Aerobic decomposition — O, (rapid, efficient and with low odor potential)

-Anoxic decomposition (Denitrification) — NOy (rate of decomposition is relatively high, although not
as high as aerobic decomposition)

-Anaerobic decomposition — $0,%, CO,,and some organic compounds (low rate of decomposition)

- : TABLE 5-1 Waste decomposition end products

N
(Y &/
| A Representative end products
- P Substrates Aerobic decompoesition Anoxic decomposition Anaerobic decomposition
R Proteins and other Amine acids Amine acids Amino acids
DIEAAEC nitrogen Ammonia ~ BHriles ~ mitrates Nitrates ~— nitrites — N3 Ammonia
compeunds Aleohols } -0+ Alechols i OO+ Ha Hydrogen sulfide
Organic acids | 0y £ 0 Organic acids 00y o th) Methane
Carbon dioxide
Alcohols
Organic acids
Carbohydrates Alcohols } - €O, + HO Aleohols } - €O, 4 H:O Canbon dioxide
- Fatty acids b Futty acids et Alcohols
Fanty acids
._.f- e Methane
¢ Futs and related Fatty acids + glycerol Fauy ackds + glyeernl Faity acids + glycerol
(/ My substances aAleotiols | v CO. +H,0  Alcohols | = 0. + H.0  Carbon dioxide
| Lower faty acids | R Lower fatty acids | ek Alcohols
L / Lower farty acids
" ) Methane 5

Microorganism Population Dynamics

. FIGURE 5-3 Bacterial Growth in a pure culture (log-growth curve)
Bacterial growth requirements:

1. Aterminal electron acceptor w0
2. Macronutrients
a. Carbon to build cells
b. Nitrogen to build cells
c. Phosphorus for ATP (energy carrier
and DNA) o
3. Micronutrients E =
a. Trace Metals 5 B ;f . ]
b. Vitamins (required by some bacteria) % 7
4. Appropriate environment eI o /‘~ vl b
a. Moisture LU
b. Temperature 7 e
c. pH s ~H
~=tPhasy ) It o
e /1 Growii Phse—|— ]
In the Log Growth Phase e ot FRES BN S v
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FIGURE 5-4 Microbial population dynamics in a closed system
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FIGURE 5-5 Microbial population dynamics in a open system
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The Monod equation (measurement of biomass):

dX _ _ MHaS g ds
o M HTR S
S
OB SR pox
di K +8

dX/dt: growth rate of biomass, mgi/L . t
H: growth rate constant, t?
X: concentration of biomass, mg/L
Hyn: maximum growth rate constant, t
S: concentration of limiting food, mg/L

Ks: half saturation constant, mg/L
= concentration of limiting food when p=0.5p,

Kg4: endogenous decay rate constant, t*
dS/dt: rate of food utilization, mg/L

Y: decimal fraction of food mass converted to
biomass, (mg/L biomass)/(mg/L food utilized)

_dS _1 X
Y dt d Y Kg+S

FIGURE 5-6 Monod growth rate constant as a function
of limiting food concentration

Crowth rste constant . Ut

¥

_________

Y

Limiting food concentration 5, mg/L 9

CHARACTERISTIC OF DOMESTIC WASTEWATER

-Physical: 10-29°C, highly turbid = 500g of solids. Fresh sewage: kerosene odor, gray color
and septic sewage: rotten egg odor, black color.

*Chemical:

TABLE 5-2 TYPICAL COMPOSITION OF UNTREATED DOMESTIC WASTEWATER

Weak Medium

Strong

Constituent (all mg/L except settleable solids)
Alkalinity {(as CaCo;)® 50 100 200
BOD; (as O3) 100 200 300
Chloride® 30 50 100
COD {as Oy} 250 500 1,000
Suspended solids (SS) 100 200 350
Settleable solids, mL/L 5 10 20
Total dissolved solids (TDS) 200 500 1,000
Total Kjeldahl nitrogen (TKN) (as N) 20 40 80
Total organic carbon (TOC) (as O) 5 150 n
Total phosphorus (as P) 5 10 20

tion from water-softener backwash,

“To be added to amount in domestic water supply. Chloride is exclusive of contribu-

Where:
BOD: Biochemical Oxygen Demand
COD: Chemical Oxygen Demand

10
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MUNICIPAL WASTEWATER TREATMENT SYSTEMS

-

Pretreatment
Secondary

Primary
Treatment
Treatment Tert

iary
! Treatment
Biological treatment

Secondary settling

I Advanced waste treatment e

Receiving body FIGURE 5-10 Degrees of treatment 15

Raw sewage

Grit chamber

Equalization basin

Pump

Purposes of the Municipal Wastewater Treatment

PRETREATMENT: to provide protection to the Waste Water Treatment Plant
(WWTP) equipment that follows.

PRIMARY TREATMENT: to remove pollutants that will settle or float.
Removes about 60% of suspended solids and 35% of BOD.

SECONDARY TREATMENT: to remove the soluble BOD and to provide
added removal of suspended solids. Removes about 85% of the BOD and
suspended solids that escape from the primary treatment.

TERCIARY TREATMENT: also called Advanced Wastewater Treatment
(AWT) , can remove as much as 99% of phosphorus, suspended solids and
bacteria, and 05% of nitrogen.

16
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PRETREATMENT UNIT OPERATIONS

Bar Racks: Remove large objects that would damage or foul pumps, valves, and other
mechanical equipment. Trash racks with large openings (40-150mm) are normally
followed by racks with smaller openings (25-50mm).

Grit Chambers: Removes grit. Grit: inert dense material such as sand, broken glass,
silt, and pebbles. Three devices:

1. Velocity Controlled: also know as horizontal flow grit chamber. Sedimentation of
particles takes place along the channels. Liquid velocity control is achieved by
placing a specially designed weir at the end of the channel.

2. Aerated Grit Chambers: The helical liquid flow pattern drives the grit into a
hopper located at the bottom of the cannel. Diffusers are used for the bubbles to

strip the inert grit of much of the organic material that adheres to its surface.
3. Constant Level Short-term Grit Chamber.

Comminutors: used to macerate wastewater solids (rags, paper, plastic) by revolving
cutting bars.

Equalization: Damping of the flow rate variations so that the wastewater can be treated
at a nearly flow rate. Consistin large basins that collect and store the wastewater flow
and from which the wastewater is pumped to the treatment plant at a constant rate.

Grit Chamber calculations:

_ 2
)

Particle settling time: Detention time:
5
18
a h 7
Q t.\' = =—
s U v
A =% s
v
FIGURE 5-12 Aerated Grit Chamber
h=" - -
= Weliealbamitd . U
w Flow Padtern ™~

- Indlaent

v,: settling velocity

g: gravity

p: density of water

p: density of particle

H: viscosity of water
A_: cross sectional area
Q: volumetric flow

v: horizontal velocity

~.
™ Inlat

Air Diffuser
Assambly

h: depth of flow Lrsietary ol

w: width of channel

t,: settling time Hopper

t: detention time 8
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PRIMARY TREATMENT

Removal of the light organic suspended solids by gravity in a
Sedimentation or Settling tank

In the tank, the mass of settled solids (raw sludge) at the bottom of the tank is removed
by mechanical scrapers or pumps, and the floating material such as oils and grease

are collected by a surface skimming system and removed from the tank.

Approximately 50 — 80% of the raw sewage suspended solids and 30 ~ 35% of the raw

sewage BOD may be removed.

FIGURE 5-14 Primary Settling Tank

ADJUSTABLE

grk

WEIR HEVOLVING SCUM DRIVE INFLUENT

EELUENT SKIMMER

UIFLUEN'!\I. ’! UmiT e o3 =
| §§ j’ ¥

WATEHTEVEL
8 e e i B L e

g p— L
SLUDGE PIPE " “;;..; s /5

SLUDGE ="
HOPPER
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Removal of the soluble BOD that escapes from primary treatment and to provide

1. Trickling Filters: waste water is typically distributed by a rotating arm over a bed of
coarse material such as stones, slats, or plastic. The media provides large amounts of
surface area for the microbial film to be fixed and grow, and also provides the contact
between the wastewater and microorganisms to feed on the organic matter. Air circulation
through the media material void spaces provide the oxygen necessary for the microbial
activity. Recirculation is used mainly to increase contact efficiency, to dilutes strong influent

SECONDARY TREATMENT

further removal of the suspended solids.

and supplements weak influents, and to rise the DO (dissolved oxygen) of the influent.

| Influent ‘

20
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Effluent BOD concentration calculation:

1+R
= E, =E "%
(1+0.1R) R
Ce=(1_E])Q
1
1+4.12[—ﬁ)
VF

E,: BOD fraction removal at 20°C

Q: wastewater flow rate, m*/s

C;,: influent BOD concentration, mg/L
C,: effluent BOD concentration, mg/L
w : volume of filter media, m?

F: recirculation factor

Q,: recirculation flow rate, mdls

R: recirculation ratio (Q/Q)

Eq: efficiency at T

E,,=efficiency at 20°C

©=1.035

Effluent BOD concentration as a
function of depth calculation:

t: contact time, d

C: mean active film per unit volume

D: filter depth, m

Q: hydraulic loading, m3/d

A: filter area, m?

n: empirical constant based on filter

media

m=1; empirical constant indicator of

biological slime distribution

S;: effluent BOD concentration, mg/L

S,: influent BOD concentration, mg/L

K: empirical rate constant, (m/d)"/m
21

2. Activated Sludge: wastewater flows continuously into an aeration tank where air is
injected to mix the activated sludge with the wastewater (mixed liquor) and to supply the oxygen
needed for the organisms to break down the organics. The microorganisms grow and are mixed
by the agitation of the air, they clump together (flocculate) and form an active mass of microbes
called activated sludge. The mixed liquor flows to a secondary clarifier where the activated
sludge settled out. Most of the sludge is returned to the aeration tank to maintain the high
population of microbes, the rest of the sludge is wasted for treatment and disposal.

Oxygery
supply

| Vent J

Influent
leachate
=

e L | Clarifier |

Effluent

— - 5y
| Return activated sludge | l b
Waste sludge |

22
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Process variables for calculations:

FIGURE 5-21 Completely mixed biological reactor with recycle

0,5, e

Aeration Secondary
Tank Settling Tank

(Q_Qw)sSan

| X,S,V XS f

g iy X8 | 0.X.8

H H w3 re

Return Sludge i
23
Aeration tank volume calculation:
S= (Total BOD allowed) - (BOD in suspended solids)
S: soluble BOD concentration in effluent, mg/L (Table 5-11)

S = Ks(l + kdgc) S,: soluble BOD concentration in the influent, mg/L

o (# —k )_1 X: microorganisms concentration (Mix Liquor Volatile
cvrm T Suspended Solids or MLVSS) in the aeration tank, mg/L
Kg: half velocity constant (soluble BOD concentration at

9(, (Y)(Sn — S) one-half the maximum growth rate), mg/L
" T o e k4: decay rate of microorganisms, d-!
9(1 &+ kdgc) Y: yield coefficient (decimal fraction of food mass
converted to biomass), (mg/L biomass)/(mg/L food utilized)
\v4 8: hydraulic detention time, d
G=— Bc: mean cell residence time, d
Q Hm: maximum growth rate constant, d-!

Food to microorganisms ratio (F/M) calculation:

£ — % Expressed as: MM
M VX mg MLVSS

High F/M ratio indicates that
microorganisms are saturated with
food, which results in a poor efficiency
of treatment. A low F/M ratio indicates
that they are starving resulting in a
more complete degradation. Typical
range: 0.1-1.0mg/mg.d 24
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TABLE 5-11 Values of growth constants for domestic wastewater

Value!
Parameter Basis Range Typical
K, mg/l. BODs 25100 60
ky d! 0.025-0.075 006
i gt 2-10 5
H my VS§S/mg BOD; 0.4-08 00

25

3. Oxidation Ponds:

Classification:

a)

b)

c)

Aerobic ponds: shallow ponds (less than 1m in depth) in which light penetrates to
the bottom, and dissolved oxygen is maintained through the entire depth mainly
by the action of the photosynthesis. In darkness hours oxygen is provided by the
wind mixing action. Only aerobic bacteria accomplishes the organic material
stabilization in these ponds.

Anaerobic ponds: deep ponds (1-2.5m) with smaller area that receive high
organic loadings. Two stabilization stages are recognized according to the
microbial activity products. In the firs stage (fermentation) complex organics
materials are broken down mainly to short chain acids and alcohals; in the
second stage (methane fermentation) these materials are converted to gases,
primarily methane and carbon dioxide.

Facultative ponds: three zones characterized this ponds:
1) Anaerobic zone: suspended solid contained in the wastewater settle at the
bottom where the microorganisms do not require molecular oxygen as an electron
acceptor in energy metabolism. Both acid fermentation and methane fermentation
oceur.
2) Facultative zone: this zone is aerobic during daylight hours and anaerobic
during darkness hours.
3) Aerobic zone: in this zone, oxygen is supplied from the diffusion across the
pond surface, and trough algae photosynthesis.
26
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FIGURE 5-28 Facultative pond relationships

CO,+H,0O+light — algae+0, Aerobic zone

organics+0, — CO,+H,0

Qrganics — organic acids
Organic acids — CH,+CO,

Anaerobic zone
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4. Rotating Biological Contactors (RBCs):

RBCs consist of a series of closely spaced disc (3 to 3.5m in
diameter) mounted on a horizontal shaft and rotated, while about
one half of their surface area is immersed in the wastewater. The
microorganisms adhere to the disc surface and cover them with a
biological layer of slime (1-3mm thick). As the discs rotate,
wastewater is oxygenated when carried into the with air and
microorganisms absorb organics for breakdown when passing
through the reservoir.

As the treated wastewater flows from the reservoir below the disc,
it carries the suspended solids out to a down stream settling
basing for removal.

28
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Rotating Biological Contactor

FIGURE 5-29 RBC and diagram of RBC treatment system

RBC Contactors
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Treatment

Raw "o " »
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S
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Disposal
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DISINFECTION

The addition of chlorine gas or some other form of chlorine is perform to
comply with the EPA rules calling for disinfection to achieve the required fecal
coliforms quantities. Wastewater flows into a basing, where it is held for
about 15 minutes to allow chlorine to react with the pathogens.

ADVANCED WASTEWATER TREATMENT
OR TERTIARY TREATMENT

Processes capable of removing pollutant not adequately removed by the
secondary treatment.

Filtration: used for the removal of the residual suspended solids, including the
unsettled microorganisms (reducing residual BOD).

Filtration can reduce activated sludge effluent suspended solids from 25 to 10 mg/L;
they can not be used directly after trickling filters, coagulation and sedimentation is
required in between. Typically, filtration can achieve 80% of suspended solids reduction
for activated sludge effluent and 70% reduction for trickling filters effluent.

30
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Multimedia filter

Low-density coal
(large grain size)

Medium-density sand
(intermediate size)

High-density garnet
(smallest size) =

3

31

Carbon adsorption: activated carbon, adsorbs the soluble organics material persistent
in the effluent after secondary treatment, coagulation, sedimentation and filtration
(refractory organics), which are detected as soluble chemical oxygen demand or COD;
the COD values are often 30 to 60 mg/L. In the adsorption process, the organic
materials accumulate on the carbon surface due to physical binding of these molecules
to the solid surface; thus, the greater the surface area of the carbon, the grater its
capacity to hold organic material. After the adsorption capacity of the carbon has been
exhausted, it can be resorted by an special process of heating.

Phosphorus removal: phosphorus is removed to prevent or reduce eutrophication
through chemical precipitation:

Using ferric chloride: FeCl, + HPO, « FePO,| + H* + 3CI-
Using alum: Al,(SO,); + 2HPO, « 2AIPO4| + 2H' + 35042
Using lime: 5Ca(OH), + 3HPO,% « Cay(PO,),OH| + 3H,0 + 60H"

The precipitation of phosphorus requires of a reaction basing and a settling tank to
remove the precipitate.

32
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Nitrogen Control: to help control algal growth in the receiving water, nitrogen in any
soluble form (NH,, NH,*, NO,, and NO;) may need to be removed from the wastewater. It
can be accomplished either biologically or chemically.

«Nitrification/Denitrification (biologically): nitrification can be force to occur in the activated
sludge treatment by maintaining a cell detention time (6;) of 15 days and over 20 days in
cold climates. Bacteria must be present for the next reaction to occur:

NH,* + 20, <> NOy + H,0 + 2H*

If nitrogen level is of concern for the receiving body, the nitrification step must be followed
by anoxic denitrification by bacteria:

2NO; + organic matter — N, + CO, + H,0O

Organic matter is required for denitrification (energy source for the bacteria) and is obtained
from within or outside the cell.

<Ammonia stripping (chemically): ammonia can be removed from water by raising the pH to
convert the ammenium into ammonia, which can be stripped from the water using aeration
and by adding lime as the source of hydroxide:

NH,* + OH- <> NH, + H,0 "

LAND TREATMENT

Is an alternative to the advanced wastewater treatment processes for
producing an extremely high-quality effluent.

The secondary effluent is irrigated on the land where treatment is provided by
natural processes as the effluent moves through the natural filter provided by
soil and plants. Part of the wastewater is lost by evapotranspiration, while the
remainder returns to the hydrologic cycle through overland flow or
groundwater system.

Land irrigation of the wastewater can provide moisture and nutrients (nitrogen,
phosphorus, and potassium) necessary for crop growth.

34
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SLUDGE TREATMENT

The sludge made of materials settled from the raw wastewater and solids
generated in the wastewater treatment processes must be treated.
Basic sludge treatment processes:

Thickening: separation of water by gravity or flotation.

Stabilization: conversion of organic solids by biochemical oxidation processes
(anaerobic and aerobic digestion) to refractory or inert forms, so they can be
used as soil conditioners without causing a nuisance or health hazard.

Conditioning: treatment of sludge with chemicals or heat so that the water can
be readily separated.

Dewatering: Separation of water by subjecting the sludge to vacuum, pressure
or drying.

Reduction: conversion of the solids to a stable form by wet oxidation or
incineration.

35

SLUDGE DISPOSAL

cLand Spreading:

in contrast with land disposal techniques, land spreading is land-use intensive.
Is the application of WWTP residuals for the purposes of recovering nutrients,
water, or reclaiming despoiled land such as trip mines spoils. The application
rate is governed by the character of the soil and crops or forest on which
sludge is spread to accommodate it.

eLand filling:
the sludge is placed into a prepared site or excavated trench and covered with
a more deeper layer of soil (0.2 - 0.25 m).

sDedicated Land Disposal (DLD):

the application of heavy sludge loadings to some finite land area that has
limited public access and has been set aside or dedicated fro all time to the
disposal of wastewater sludge.

36
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Kitchen
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gardesn
waste What is solid waste?
58.0%%
Wastes arising trom residaential,
cOrmmeraial, agricultural Al
incustrial  activities that are
aormally solid and are discardad as
anusabie or unwanted,

WHAT DOES GARBAGE CONTRIN?

Dust,

ash
Paper
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Textiles

i Glass Plastics
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What is Solid Waste ??

m Includes things we commonly describe as
garbage, refuse and trash

m USEPA Definition: any discarded item; things
destined for reuse, recycle, or reclamation;
sludges; and hazardous wastes.

m Doesn't include radioactive wastes and
/nsitu mining wastes
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Magnitude of the Problem

m 1990 — 1.95 kg per capita per day amounting to
a total of 178 tetragrams

m 2000 — 200 tetragrams

m Solid wastes: 60 % from residential sources and
the remaining from commercial sources.

m Differences in amounts are due to:

— Climate - education

— Living standards - location

— Time of year - collection and disposal
practices

Classification of Solid Wastes

m Based on Point of Origin:
— Domestic — household, residential
— Institutional — schools, hospitals
— Commercial — malls, offices, etc
— Industrial Sources
— Street wastes
— Construction and Demolition wastes

6
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Classification of Solid Wastes

m Based on nature of waste:
— Organic
— Inorganic
— Combustible
— Non-combustible
— Putrescible and

— Non - putrescible

TARLE 8-1

Refuse materials by kind, composition, and sources

Kind

Composition

Sources

Garhage

Wastes from preparation. conking. and serving of feod:
market wastes: wastes from hamdling. storage. and
sate of produce

Rubhish

Cenmbustible: paper. cartons, oxes, barrels, wood,
exeetsior, tree branches. yard trrmmings, woed
furniture, bedding, dunnage

Noncombustible: metals, tin cans, metad fumitors, din,
glass, crockery. minerats

Ashes

Residoe from fires o
from on-site inciners

ul for vooking and heating and
iy

Houvsehokds, restaurants,
institutions, stores,
rarkats

Street refuse

Sweepings. dire, leaves, catch basin dirt, confents of
lirter receptacles

Dead Tats. dogs. horses, ooas Streets, sidewalks,

animals alleys. vacam Jois

Abandoned Lnwanted cors and wucks left on pablic property

vehicles

Industrial Eood-processing wastes, boiler heuse vinders, lumber Factories, power plants

WRSLES scraps, metal scraps. shavings

Demolition Lumber, pipes, brick. masonry. and other Demolition sites 1o be

WRSIES construction materials from raved buildings used for new buildings,

and other structures renewal projects,

CRPTESEWaYs

Coenstruction Kerap lumber, pipe. other consiruction materinis New construction,

wastes remodeling

Special Hazardous solids and liquids: explosives, Households, hotels,

wastes pathological wastes, radioactive materials hospitals, institutions,
stores, industry

Sewage Solids from coarse screcning and from grit chambers; Sewage treatment plants,

treatment septic tank sludge septic tanks

residue
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Incinerator Institute of American waste classification

Classification of wastes to be inclnerated

Classification !
of Wasles Approximate | MIheat | M of ous. fuel per kg of | Recommended min. M
pr et O composition Muoisture | Incombustible | valuskgol | waste to be inchided in burner input
Type Deseription Principal components % by weight | contenl % sulids % refise 5 fired | combustion caleutations per kg waste
“0  Trash Highly combustible waste, Trash 100% W 56 198 ) 0
paper, wood. cardboard car-
tons., including up 1w 1%
i teeated papers. plastic or rub-
E ber seraps; commercial and
| industrial sources
41 Rubbish | Combustible waste, paper, | Rubbish $0% | 25% 10% e 9 f
cartons, rags, woad scraps, Garbage 20%
| combustible flvor sweepings:
domestic, commervial, and
industrial sources
- 0o ] 15
2 Refuse Rubbish and garbage: resi- Rubbish 50% 0% Rk
dential sources Garbage 50%
©osR 33 ]
43 Gurbage Animal and vegetable Garbuge 65% i %
wastes; restiurants, hotets, Rubbish 35%
markets: institutional, com-

4 Animal Carcasses, organs, solid or- | 100% Ani- B5% % B i 184
solids and | ganic wastes: hospital, lab- | mal and 1116 Primary)
organic oratoey, abatioirs, animal human tissue {140 Secondary}
wasles pounds, and similar sources

5 Gaseous, | Industrial process wastes Variable Depentent | Varuble i Vanable Variable Varuble
Tiquid, or on pres aceording acording aeconling oording
semi-liquid dominant 1 wastes 13 Wasles W wasles 10 WIsles
wasles components | svey survey survey vy

& Semisselid | Combustibles reyuinpg Variahle Dependent | Variable Vartahle Vatahie Yitiahlg
and solid hearth, retort, or grate burn- o pre- according aecording aceoring accivdmg
wasles ing equipment dominant ) wasles 0 Wibsles o wasles o

compunents | Survey survey supvey srvey

Garbage

m Originates from kitchens, stores,
restaurants, etc

m Animal and vegetable waste resulting from
the handling, cooking, and serving of food

m Composed largely of putrescible organic
matter and moisture

m Decomposes rapidly in warm weather and
causes odor problems

10
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Rubbish

m Variety of combustible & noncombustible
solid wastes

m Trash: Combustible rubbish consisting of
paper, rags, cartons, boxes, furniture,
wood, tree branches, yard trimmings.

m Trash is not putrescible and can be stored
for longer periods of time

m Density of combustible refuse is about
115 kg/m3

11

Yard Trimmings, 17.9%

Paper, 37.5% [+ | Alaminum, 1.4%

: Other Metals, 6.9%
(lass, 6.7%

Plastics, 8.3%
Food, 6.7%

Other, 14.6%
(e.g., rubber, leather, textiles, wood,
miscellaneous inorganic wastes)
FIGURE 8-2
Materials generated in municipal solid waste (percent by mass), 1990. (Source:
U.S. Environmental Protection Agency, “Characterization of Municipal Solid
Waste in the United States,” 1992 update.) 12
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Solid Waste Management
m Objectives:

»Removal of discarded materials from
inhabited places in a timely manner to
prevent the spread of disease, minimize the
likelihood of fires, and reducing aesthetic
results

»Disposal of the discarded materials in a
manner that is environmentally acceptable

14




Solid Waste Management Stages

m Collection
— Point of collection — curb or backyard
— Frequency of collection
— Scope for recycling, separation and recovery

m Transport
— Distance between source and facility
— Need for transfer stations

m Processing

15

m Disposal — Alternatives:

— Direct disposal to sanitary landfill

— Processing of wastes followed by land
disposal
= Main aim is volume reduction
= Reduction in hauling and ultimate disposal costs

= Capital and operating costs of the volume
reduction processes may be a concern

— Processing of wastes to recover resources
(materials and/or energy) with subsequent
disposal of the residues

16
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— Incineration may be better owing to volume
reduction
= Reduces the volume going to the landfill

= Beneficial from the point of view of increasing cost of
landfill space.

INTEGRATED SOLID WASTE MANAGEMENT
" ..Selection of a combination of techniques,

Technologies, and management programs to
Achieve waste management objectives...”

17

Solid waste generation

2030 Gallon containers
« Paper and plastic bags
Bulk bins
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Collection

m Collection can be carried out by:

— City employees (Municipal Collection)
— Private firms that contract with city govt. (Contract
Collection)

— Private firms that contract with private residents
(Private Collection)

m Policy decisions to be made:
— Who has to collect?
— What to collect?
— Frequency of collection.

For Collection of Solid Waste, the Maximum Period
should be less than:

m Normal time for the accumulation of the amount
that can be placed in containers;

m Time taken for fresh garbage to putrefy and
emit foul odors under average storage
conditions;

m Length of the fly-breeding cycle, which, durlng
summer is less than seven days.

20
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Collection Methods

Curb side collection *
or alley pick-up,

Set-out, set-back
collection, and

Backyard pickup

21

m Curbside or Alley Pickup:
— Using standard containers

— Most economical — about half as expensive as
backyard collection

— Time limits: out by 7 am and back by 7 pm

— Small crews are more efficient than large ones

— Eliminates the need for collectors to enter the private
property

m Set-out or Set-back Method:

— Set-out crew carries full containers before vehicle
arrives,

— Loading into the vehicle, and
— Return of empty cans
— Not so economical than the backyard method

22
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m Backyard Pickup:
— Use of tote barrels

— Collector enters property, dumps container into
a tote barrel, carries to truck and dumps it

— Advantage: Convenient to the home owner
— Disadvantage: high costs

75 — 80% of the total cost of solid
waste management can be
attributed to the collection stage

23

Evaluation and optimization of
collection systems

m " Crew-machine’ chart: record time spent
on each task

m Time is noted as a crew member leaves the
collection truck or begins an operation

m Upon completion of the task, the time is
noted and the next task begun

m A crew member must be doing the same
task so that the whole day is accounted for

24
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For meaningful results the tasks must be standardized. Typical tasks are

1. Walk: This is ime spent by the workers in walking along the road from the truck
to the next collection point. It is used only in the curb or alley collection method.

2. Drive: Time spent driving the truck from collection point to collection point.

3. Trash: Time spent placing yard wastes from the curb into the truck. Some crews
accomplish this by use of a pitchfork.

4. Ride: Time the workers spend riding on the truck between collection points.

5. Lead: This is unigue to some backyard collection procedures. It is when the
worker leaves the truck with a tub and collects refuse from several houses. The

collector stops ahead on the route and waits for the truck to catch up.

6. Collect: Time spent collecting from houses in the traditional way in backyard
pickup. Itincludes the time from when the collector leaves the truck, walks to the
backyard, dumps the cans into a tub, returns to the truck, and dumps the tub. The

collector may collect from more than one house before returning.
7. Dump: Time spent dumping cans or bags from the curb into the truck.

8. Delay: Time spent on any operation other than these listed.

25

Refuse collection data

Route Date
“Weather Maethaoad
Truck Driver Coliector 1 Collector 2
.0 3.0 0.0
Driv Dirive Ride
Street #6 el : 0.15
1 stop 0.2 0.2
Collect
Dhamp Duamnmp 1 house
0.3
.4 .4
Collect Trash
Collect B
Z houses 1 houss
1.7 1= 2.3
Delay
] Dirive Tooaend
2.6 A0 Brorisos
Bireot #7 .0
Lead
[y § i Dacich
1 house
5.0
Dalay
13.0
14.7
15.0

FIGURE B-4

Sample data collection formwm. (Wore:
a start tivme of 9.0y

Crrew - PMachine™ chart time is recorded in minutgg from
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Estimating truck capacity. Given that you are able to estimate a large number of
factors, the following equation will allow you to estimate the volume of solid waste
a truck must be able to carry.

¥plH 2 B
V= ;}; R’; "'; 2&{ ty — ;i}:; (8-3)

where ¥7 = volume of solid waste carried per trip by truck at a mean density,
Dr,m’
¥, = volume of solid waste per pickup location or stop, m"/stop
r = compaction ratio

tp = mean time per collection stop plus the mean time to reach the next
stop, h
H = lengih of working day,'® h
Ny = number of trips to the disposal site per day
x = one-way distance to disposal site, km
& = average haul speed to and from disposal site, kmv/h
14 = one-way delay ume, h/trip
t, = unloading time at disposal site, h/trip
B = off route time per day, h z
50
45 -
40 -
g 35
k] .
= 30 -
2
a.
B 28
3
%" 20
3 15
-
10 30 1 T T T T 1
_ 30 40 50 60 70 80 90
=+ 7
Distance {km]}
H T 1 i i i 1 ¥
3 10 15 20 25 30 35 40
Total haul distance {km}
FIGURE 8-7

Effect of haul distance on average haul speed. [Adapied from An Analysis of Refuse Collection
and Sanitary Landfill Disposal (University of California Technical Bulletin No. 8}, 1952.] 28
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A value for £, can be estimated from empirical data)! The data may be ap-
proximated by linear equations of the following form:
f, = to, alC,) + b(PRH)

= mean time per collection stop plus mean time

min/stop . -
t,, = mean time between collection stops, min/stop
i

4 b = coefficients of regression fit to data p:aiats '
:2” = mean number of containers at each pickup location
PRH = rear of house pickup locations, %
vert ' 10 1, we must divide by 60 mi | -
* mf'il'hi: mfmbe? of pickup locations that can be hgndled %}y a given crew is simply
the available time after haul divided by the mean pickup time:

(8-2)

: 10 reach next stop,
where 1,

H _ 3.9 —p1. -8
Otk . il - 8-3)
p= 0
where N, = number of pickup locations per load .

Example 8-2. The solid waste collection vehicle of Watapitae, Michigan is about to
expire, and city officials are in need of advice on the size of truck they should purchase.
The compactor trucks available from a local supplier are rated o achieve a density
(D) of 400 kg/m' and a dump time of 6.0 minutes. In order to ensure once-a-week
pickup the truck must service 250 locations per day. The disposal site is 6.4 km away
from the collection route. From past experience, a delay time of 13 minutes can be
expected. The data given in Table 8-3 have been found to be typical for the entire
city. Each stop typically has three cans containing 4 kg each. About 10 percent of the
stops are backyard pickups. Assume that two trips per day will be made 1o the disposal
site. Also assume that the crew size will be two and that the empirical equation of
Tchobanoglous, Theisen, and Eliassen for a two-person crew applies.'” That equation
is given as follows:

r, = 072 + 018(Cy) + 0.014 (PRH)

t, = 0.72 4+ 054 + Q.14 = .40 min/stop
1.40 min
'™ G s h

Solution. Using Table 8-3 we determine the mean density of the uncompacted solid
waste 1o be

Total Mass 454 kg ) 1
an |- oy 5. 1, T
"= Towl Volume - 040 - L83 0r 100 kg/m

30
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The volume per pickup is then
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T.he average haul speed is determined from Figure 8-7, Since the graph is for total haul
distance, we enter with (21(6.4) = 12.8 km and determine that s = 27 kmvh. All of|
the other required ditta were given: thus, we can now use Equation 8-1. The f:-u;mr of
60 is to convert minutes to hours. For two 15-minute breaks, 8 = 0.50.

By 01l N l§ _ 264y | 13 min _ Gmin 0.50]
3770.023% |2 27 “60minh  60minh 3
= (1.25%2.74) = 3.43 m*

The number of stops that can be handled is given by Equation 8-3.

274 .
N, = 0N = 117.60 or 118 pickups per load

31

stimating costs. Most of the decisions involved in the collection of solid waste
¢ based on economic considerations rather than technical ones. The costs are con-
idered on the basis of a unit mass of solid waste to facilitate comparison between
different size vehicles, crews, and the like. Furthermore, truck costs are considered
separately from labor costs.
Truck costs include depreciation of the initial capital investment plus the op-
erating and maintenance (O & M) costs.”
The following equation may be used to estimate the annual cost per Mg

4, = O00F) [i L+ 1.)] + L000X,)OM) @-4)
¥:DrN7Y : Ve Dy
where Ay = annual truck cost, $/Mg
F = initial (first) cost of truck, §
Dy = mean density of solid waste in truck, kg/m’
Ny = number of trips per year
Y = useful life of truck, y
i = interest rate on capital
X, = distance per trip, pickup plus haul, km
OM = operating and maintenance cost, $/km 2

16



The factor of 1,0001s to convert kg to Mg. |
Labor costs consist of direct wages plus some overhead costs or such things
as supervision, secretarial support, phone. utifties, insurance. and fringe benefts.
Equation 8-S can be used to estimate the annual laber cost per Mg:
LOOOCSAW)H)
= ————[1+(0H (8-5)
AL Vi, [14(0H)]
where Ar = annual labor cos, §/Mg
CS§ = average crew size
I = average hourly wage rate, $/
OH = overhead as a fraction of wages

Again, the factor of 1,000 is to convert kg to Mg. | »

Example 8-3. Estimate the customer service charge for the situation of Example 8-2.
The initial truck cost of a 4.0 m* compactor truck is $104.000. and the average O &
M cost over the five-year life of the truck is expected to be $5.50/km. The interest rate
is 8.25 percent. The average route length is 6.3 km. The average hourly wage rate is
$13.50 per hour with time and a half for overtime. The overhead rate is 125 percent of
the hourly wage rate.

Solution. Assuming a five-day work week and ignoring holidays. the number of trips
per year would be
Ny = Nyj(5052) = 2{5%52) = 520

Since the average route length is 6.3 km and the average haul distance from Example
8-2is 2(6.4) = 12.8 km. then

X, =063+128 = 191 km

For the extended workday proposed at the end of Example 8-2. the volume of solid
wasle per trip would be

Vi o= (1.25%2.74 + 172(0.5) = 374 m*

The factor of one-half times the extra half hour was selected because we assumed the
time to be cqually divided between each of the two trips, Note that we do ndf use

5/3/2010
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the actual volume of the vuck, which is somewhat larger than Vi, (The truck size
is the nearest standard size.) Now we may compute the annualized truck cost.

Ar =

1,0000104,000) { 0.0825¢5 + 1) . [ALEV RN M55
2. 74040015201 5) 2 (37434000

(26.74)1.25) + 70.22 = $103.65/Mp

i

Since we have planned for an extra half hour of work ecach workday. we must adjust
the hourly wage rate accordingly before we can use Equation 8-5. The adjustment is
simply a determination of the weighted average rate.

W s {reg. shift hours)(wage) + (overtime hoursy QT rate ) wage)
B total hours

_ B(13.50) + 0.5(1.5)(13.50)
- 8.5

Now we may apply Equation 8-5 directly.

(LOOOM2H13.90K8.5) ;
B e s 4 1281 = i o
AL B IhGEoE 11 + 1:251 = $177.70/Mg

The total annual cost is then

Ay = $103.65 + $177.70 = $281.35/Mg

= $13.90/M

From Example 8-2. we know that each service stop averages three cans per week at
4 kg per can. Thus. each service stop contributes 3(4)(52) = 624 kg or 0.624 Mg per
year. The annual cost per service stop should be ($281.35/MgH0.624 Mg) = $5175.56.

For 52 pickups per year. this is an average cost of about $3.38 per week (thBat is,
$175.56/52).

Truck Routing
1 Daily Routing:

— Definite route to be finished before going
home
] Advantages:
— Homeowner knows when the refuse will be
picked up
— Route sizes can be adjusted for the load to
maximize

— Crew likes the method because it provides an
incentive to get done early

36
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m Disadvantages:

If route is not finished, crew has to
work overtime, which will increase the
costs

Crew may be careless to finish the job
soon -

Underutilization of the crew and
equipment due to the increased
incentive of the crew

Breakdown seriously affects
operations

Hard to plans route if the loads are
variable, because of disposal of yard
wastes, etc

37

Large Method:

Crew has enough work to last for the
entire week

It's the crew’s discretion to chose
when to pick up the route.

Best for backyard pickup since the
residents don't know when the pickup
will be.

38
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3 Single Route Method:

— Routes planned to get a full truck

— Each crew is assigned as many loads as it can
collect per day

— Biggest advantage of this method is that it
can minimize travel time

— Must consider crew size, truck capacity,
length of travel, refuse generated, etc

- Enables maximum utilization of crew and
equipment capacity
— Can be used for any type of pickup

— Disadvantage: hard to predict the number of
homes that can be serviced before the truck
is filled.

39

4 Definite Working Day Method:

— Crew works for assigned number of hours

— Predominates in areas where Unions are strong

— Enables the maximum utilization of crew and
equipment

— Regularity is sacrificed

— Residents have little idea when pickup will
occur

Office of the Solid Waste Management of
USEPA has developed a “heuristic" approach
to routing to minimize deadheading, delay
and left turns.

40
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. Routes should not be fragmented or overlapped. Each route should be compact,

consisting of street segments clustered in the same geographical area.

. Total collection plus haul times should be reasonably constant for each route in

the community (equalized workloads).

The collection route should be started as close to the garage or motor pool as

possible, taking into account heavily traveled and one-way streets. (See rules 4
and 5.)

Heavily traveled streets should not be collected during rush hours.

. In the case of one-way streels, it is best to start the route near the upper end of

the street, working down it through the looping process.

Services on dead end streets can be considered as services on the street segment
that they intersect. since they can only be collected by passing down that street
segment. To keep left turns at a minimum, collect the dead end streets when they
are 1o the right of the truck. They must be collected by walking down. backing
down, or making & U-tumn,

When practical, service stops on steep hills should be collected on both sides of
the street while the vehicle is moving downhill for safety, case, speed of wilec~
tion. wear on vehicle, and conservation of gas and oil,

T -

IG%

11,

Higher elevations should be at the start of the route.

For collection from one side of the sireet at a time, it is penerally best to route
th many clockwise turs around blocks. (Authors' note; Heuristic rules § and
9 emphasize the development of a series of clockwise loops in order to minimize

left turns, which generally are more difficult and time-consuming than right
rns, Especially for right-hand-drive vehicles, right turns are safer.)

For collection from both sides of the street at the same time, it is generally best
to route with long, straight paths across the grid before looping clockwise.

For certain block configurations within the route, specific routing patterns should
be applied.

42
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{
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\ I -
{
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! | R
f FIGURE 8-8
_ Arrows show heuristic routing pattern devel-
L o i s o 10ped for a north-south, ene-way street com-
: | 2 bined with east-west, two-way streets. If both
\ J sides of the one-way street cannot be collected
5 - in one pass, it is necessary to loop back to
5 the upper end and make a straight pass down
gy the other side. [Sowrce: K. A. Shusfér and

Inter-route Transfer

m It may not be possible at times to haul the
entire waste collected to the disposal site.

m Transfer Vehicles: larger vehicle like
tractor-trailer, barge, etc to transfer from
several small collection vehicles to the
ultimate disposal site.

m Transfer Station: special facility to permit
this exchange in a rapid and sanitary way.

44
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H i
Ty = "‘a}—; ~ 1Ny — 2 — ty — Xi; {8-6)

where Ty = maximum available haul time, h

If the maximum available haul time is less than the round trip distance divided by
the average route speed (2x/s), then you have a problem. Up to a point, changes in
Ly, ta, B, and/or H may alleviate the situation.'®

Economical Haul Time

The travel time in and of itself is not usually the prime consideration. Cost is usually
the prime consideration. Costs are saved when a transfer operation is used because

1. The nonproductive time of coliectors is reduced, since they no longer ride to and
from the disposal site. It may be possible to reduce the number of collection crews
needed because of increased productive collection time.

2. Any reduction in mileage traveled by the collection trucks results in a savings in
operating costs.

3. The maintenance requirements for collection trucks can be reduced when these
vehicles are no longer required to drive into the landfill site. Much of the damage
1o suspensions, drive trains, and tires occurs at landfills.

4. The capital cost of collection equipment may be reduced; since the trucks will

be traveling only on improved roads, lighter duty, less expensive models cambe
wged 17

&0

45

A6 pe
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Equivalent Annual Cost, Mg
5
H

o s i t 1 L i t i 1 i i £ 1 L
O 10 20 30 4y S0 60 70 B0 90 100 110 120 130 140

Capacity. Mg/fd
FIGURE S
Transfer station equivalent annual cost as a function of capacity. Costs adjusted to 1996,

5/3/2010

23



Example 8-4. The disposal site for Watapitae will be closed in two vears because of
the lack of capacity. An alternative disposal site will be available when the present site
is closed. It will be a county-wide regional system that will be 32.5 km from the collec-
tion route. Using the data from Examples 8-2 and 8-3 and the following assumptions,
determine the maximum haul time for the collection vehicle and the cost for collection
vehicle and transfer vehicle haul: Ny = 1, B = 0.50 h, and the amortized capital cost
and operating cost for the transfer station is approximately $37/Mg.

Solution. First we must determine whether or not the collection vehicle has the time
to get to the disposal site while still making all of its pickups.
8.5 13 6 05
— = {0.0233)(250) - 2= -~ — —
| {' ¥230) 21‘3() 60
1.64 h or 98.5 min

We now note that the round trip distance is two times the distance from the collec-
tion route. The average haul speed can be determined from Figure 8-7. The aver-
age haul speed is 64 knvh. Thus, we find the round trip travel time to the regipnal

Ty

i

factlity to be
e w5 |02 hor 61 min

The collection vehicle can make it to the disposal site. However, since we have reduced
the number of trips to the disposal site. we must either provide an additional vchicle
of the same size or replace the existing one with ene that is twice as farge. Since the
existing crew size can handle the 250 pickups per day, the more logical choice would
scem to be to choose the larger vehicle, (This is especially true since the existing one
is about to expire.} Let us assume the new vehicle will have a capacity of 10.0 m?,

Now let us examine the comparative haul costs. First we will look at the coltec-
tion vehicle. We will take the annual cost for a new vehicle exclusive of O & M (o be
$29.851. Assuming eight hours of operation per day for five days a week for 52 weeks
per year, the annual cost per minute of operation is

$29,851/y
(8 h/d)(60 min/hy{5 d/wi32 wkiy}
With the effective wage rate of $13.90 per hour from Example 8-3. the cost of wages
and 125 percent overhead is
($13.90 x 2.25)
60 min/h
per worker or $1.0425/min for the crew. The operating cost will be about $5.50 per
kitometer. For travel to the disposal site. the cost per minute would be
{($5.50/m)(32.5 km)(2)
61

= $0.2392/min

= $0.5213/min

= $5.8607/min 48
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The factor of two is for the round trip to the disposal site. The total haul cost per trip
would be

61[(30.2392) + ($1.0425) + ($5.8607)] = $435.69
The mass of solid waste hauled per trip is

(V7 )Dr) = mass
(7.48 m* Y400 kg/m®) = 2,992 kgor 3.0 Mg

Note that the volume is twice that of a single trip (Example 8-3), but is considerably
less than the capacity of the new vehicle. The unit cost of the haul would then be

$435.69
3.0 Mg

Now let us look at the transfer vehicle. Assume that a tractor-trailer rig having a capac-
ity of 46 m*® has an annual cost exclusive of O & M of $37.601. The cost per minute
is then

= 14523 or $145/Mg

$37.601
{8 hWdX60 min/hy(5 diwk (52 wkiy)

= $0.3013/min

Since the tractor-trailer rig requires an operator with higher skill, the wage rate will be
higher. Using a rate of $19.85 per hour and an overhead rate of 125 percent of wages,
the cost per minute is

($19.85 x 2.25)

€0 ean/h = $0.7444/min 49

In contrast to the collection vehicle, the crew is comprised of only the operator. Thus,
the crew cost is $0.7444/min.

‘The operating cost will be about $6,5{} per kilometer. The time for the rig to

travel to the disposal site will be about 25 percent more than the collection vehicle,
The travel cost would then be

($6.50332.5%2)
61 % 1.25

The total haul cost per trip would be
(1.25)61[(30.3013) + (30.7444) + ($5.541)] = $502.23

Since the capacity of the rig is four times that of the cellection vehicle, the mass hauled
per trip is

= $35.541/min

4(3.0) = 12 Mg

The unit cost of the haul, including the cost of bmlémg and operating the transfer station
{approximately $37/Mg), would be

$502.23
12

Obviously, consideration should be given to the construction and operation of a transfcr
station as an alternative to direct haul.

+ $37 = 78.83 or $75/Mg

5/3/2010
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Disposal by Sanitary Landfill

m Sanitary Landfill is defined as a land
disposal site employing an engineered
method of disposing of solid wastes
on land in a manner that minimizes
environmental hazards by spreading
the solid wastes to the smallest
practical volume, and applying and
compacting cover material at the end
of each day.

51

L . " ]
PmNm3e

15,

I

Site Selection Considerations

.+ Public epposition

Proximity of major roadways
Speed limits

Load limits on roadways
Bridge capacities

Underpass fimitations

. Traffic patterns and congestion
. Haul distance (in time)
. Detours

Hydrology

. Availability of cover material
. Chimate (for example, floods, mud slides, snow)
. Zoning requiremoents

Buffer arcas around the site (for example, high trees on the site perimeter)

Historic buildings. endangered species, wetlands, and similar e:wirmng;rzta}
factors.

5/3/2010
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Site Preparation Steps

m Grading the site area

m Constructing access roads and fences
m Installing signs

m Installing utilities

m Installing operating facilities

m Telephone or radio communication
facilities

53

Equipment

m Size, type and number depends on size
and method of operation, quantities &
time of solid waste deliveries and the
experience of the operators.

m Commonly used equipment:

m Crawlers, m Water wagons,
m Tractors, m Drag liners,
m Scrapers, m Graders.

54
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i—~ay W
Rubber-Tired Front End Crawler Tractor Front-End Loader ~ Tracky
Loader With Bullclam

Sanitary Landfill Equipment

Motor Grader Earth Mover {Scraper)

55

Sanitary Landfill Equipment

Prime Movers

o

v KA & & a
Drag Line Steel-Wheeled Compactorss
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Operation : Area Method

m Solid waste deposited on the surface,
compacted, then covered with a layer of
compacted soil at the end of the working
day

m Seldom restricted by topography; flat or
rolling terrain, canyons, and other types of
depressions are all acceptable

m Cover material may come from on or off
site

57

Portable Fence to
{atch Blowing
Paper

Final Earth
Cover (0.6 m}]

Original
Ground

Compacted
Solid Waste

- Daily Earth Cover (15 cmy

FIGURE 8-11

The area method. 58
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Operation : Trench Method

m Used on level or gently sloping land where the
water table is low

m A trench is excavated; solid waste is placed in it
and compacted; and the soil that was taken
from the trench is then laid on the waste and
compacted.

m Advantage: cover material is readily available as
a result of excavation

m Width must be atleast twice the compacting
equipment so that the treads or wheels can
compact all the material in the work area.

59

Original ® 1) .
Ground . 2
—
~ / Earth Cover Obtained
o & - & L L %
| by Excavation in Trench

#

Daily Earth Cover (15 cm}) . |7

Compacted
Solid Waste

FIGURE 8-12
The trench method. .
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Fmal

s cover system
» Bench (terrace)
= as required
g
i Final cover
off o e on slope face
=1 =& T
:3 a g F 3 Cell ; Cell 3:1 t}’pifﬁl Siﬁpd

Cell  Daily cover

Li

Lift
height
/

B~
CIN Cell-width
: variable .

6 in. intenmediate
cover b |_anyedfill Tiner system

FIGURE 8-13

Sectional view through & sanitary landfill, (Seurce: G. Tchobanoglous, H. Theisen, and 8. Vigil, Inte-

6 in. intermediate
Lover

grated Solid Waste Management, New York: McGraw-Hill, 1993, Reprinted by permission.) **

Components of a Landfill

Cell

Face
Cover

Lift
Benches
Final Cover
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Operational Considerations

m Required by 1991 Subtitle D regulations
m Exclusion of hazardous wastes

m Use of cover materials

m Disease vector control

m Explosive gas control

m Air quality measurements

m Access Control

m Run-on and Run-off controls

m Surface water and liquids restrictions
m Groundwater monitoring

m Record Keeping

m Landfill Fires

63

Landfill Gases

m Result of microbial decomposition of the
wastes

m Constituents: CO, (carbon-di-oxide) in
earlier stages and equal amounts of CH,
(methane) as the landfill matures

m Heat Content of landfill gas: 16,000 to
20,000 kJ/m?3

64
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TABLE 8-6 ) _ .
Typical constituents found in MSW landfill gas
Component Percent (dry volume basis)
Methane i 4560
Carbon dioxide 30--60
Nitrogen 2~5
Oxygen 0.1-1.0
Sulfides. disulfides, mercaptans, etc. 0-1.0
Ammonia 1-1.0
Hydrogen 3-40.2
Carbon monoxide -0.2
Trace constituents 0.01-0.06
Characteristic Value
Temperature, °C i5-50
Specific gravity 1.02-1.05
Moisture content Saturated
High heating value, kl/m* 16,000-20,000

85

Landfill Leachate

m Liquid that passes through the landfill and
that has extracted dissolved and
suspended matter from it is LEACHATE

m Liquid enters through external sources
such as rainfall, surface drainage,
groundwater, and the liquid in and
produced from decomposition of the
waste.

5/3/2010
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6-32  Activated sludge tanks at Turkey Run
Given: size and operating characteristics
Solution:

a. Aeration period (Eqn. 6-18)

_ (7.0m)(30.0m)(4.3m )2 tanks) _

57 22688s or6.3 h
0.0796m /s

0

b. F/M ratio (Eqn. 6-26 and note that mg/L = g/m’)

F (0.0706m° sY86400s,d)(130g/m* )

— = s =0.33mg/mg-d
M (1806m’ f1500¢/m’ ) =

¢. SVI (Equ. 6-27)

230.0mL/'L

- —(1000mg/g)=109.52 or 110 mL/g
(1.40)(1500mg L) V

d. Solids concentration in return sludge (Eqn. 6-20)

10°

X, = =9132.4 or 9130 mg/L
109.5




6-35 Sludge age and wastage at Turkey Run
Given: Data from Problem 6-32 and operating assumptions
Solution:
a. Sludge age (Eqn. 6-23:8=6.3hor 0.2625 d from Prob. 6-32

8,(0.40)(130-5.0)

1500 = .
(0.2625)1+0.040-8,)

8.=1154d

. Sludge wasting (Equ. 6-19)

Recognize that wasting from aeration tank means that X, =X so Eqn 6-19 reduces to

-V
° Qu
and
B =¥ (7.0m)(30.0m {4.3m)(2 tan ks)
Ly 11.5d

Qu = 157.04 m*/d or 0.00182 m*/s

¢. Retum sludge flow rate (Eqn. 6-30)

From Problem 6-32
X' =MLSS = (1.40)(1.500) = 2100 mg/L
X, =9132.4mgL

Q =0.0796 m’/s

Then

_ (0.0796)(2100)—(0.00182)(9132.4)

Q 9132.4-2100

Qr=0.02141 0r 00214 m’/s



6-38 Evaluation of secondary settling tanks at Turkey Run
Given: Problem 6-32; tanks are 16.0 m diameter and 4.0 m deep at side wall.
Solution:
a. Overtlow rate

The design standard is 33 m/d. The overflow Q = Q of wastewater into the plant =
0.0796 m’/s from Prob. 6-32, The radius of the tank is 16.0/2 = 8.0 m.

_ {0.0796m s )864005/d)
n(8.0m )’ (2 tan ks)

=17.1m/d

2

This is less than 33 nyd, therefore okay.
b. Side water depth

Check Table 6-12: Recommended depth for 16,0 m diameter is 3.7 m. Therefore, side
water depth of 4.0 m is okay.

¢. Solids loading

_ {1+ r)QYx)864005/d)

SL A :
(A, Y1000g ke)

where r = recycle ratio; X = MLSS = (1.40)(MLVSS)

From Prob, 6-35, Q= 0.0214 m’/s and then

Q  0.0796

{1+ 0.2658)(0.0796)(: .40 )15008640C) _1.833x107

5L . i
(£02.12)1000) 402:1x10°

=4557kg/m?*-d

Checking with Figure 6-28. we find this is much less than the 253 kg/m’-d allowed.

¢, Weir loading

(0.0796m’ s)86400sd)

WL = -
n(:6.0mHN2tanks)

=684m°/d-m

This is less than the design standard of 125 m’/d-m to 250 m*/d-m.



6-46  Diameter of single stage rock filter
Given: Applied BODs = 125 mg/L. effluent BODs =25 mg/L, Q = 0.14m /s, R = 12.0
and depth = 1.83 m. Assume NRC equations apply and the wastewater temperature is 20
°C.NOTE: In the first printing of the 3rd edition, a hydraulic loading rate rather than the
flow rate was given and no temperature was given.

Solution:

a. Calculate Eg

b. Calculate recirculation factor

__ 1+120
[1+0.1(12.0)]

c. Solve Eqn 6-39 for volume

1
0.80 =
5 A"
1+ .1 024102 )J
L v(2.686)
0.80= 1 PR T ] 0%
1+4.12(2.5525) i] 1+10.5163 1)
‘ WV, I\

| - \\’G..S
9.30?1+1D.5163§%§ }:1
LV )

-

g’li\, 1
105613 — | =——-1=025
Y (.80
PN T e
ii’ -, 028 238
LV, 105163

q



V=1769.48 m’
d. The area of the filter i1s then

1769.48m"
A= 69 48m
1.83m

= 966.93m"

e. The diameter of the filter is

-

D~
4

= 066.93m"

- IS T L
| {966.9211 }{4_)} .

o -
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TT.A IR IAT e AT A
x 80% of U.S. residents were living in urban environments in 2000

and that proportion is continuing to grow.

x Buildings account for more than 40 percent of total energy

consumption.

x About 93% of the energy consumed in the United States comes
from non-renewable energy sources, which include uranium ore

and the fossil fuels — coal, natural gas, and petroleum.

WQE

A

World Energy Consumption:
Total

projected

18000 | historical

12000 4

Energy
{millions of tonnes
of oil equivalents) 8000 1

4000

1970 1880 1890 2000 2010 2020 2030
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Energy Demand by Fuel Type

15000 - historical projected
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CLIMATE CHANGE DUE TQ FOSSIL FUELS

Fossil fuel combustion accounts for 62% of the global warming
potential of all anthropogenic greenhouse gases.

Contribution of Fossil Fuels to Climate Change

F-gasses r®

CO, other sources g

Nitrous oxide —— e

Methane —d

€O, from land use change |l

©0, from fossd fuels -«

T T g ¥ T J
[} 10 20 3c 40 50 80

Percent of Global Warming Potential

QT'

x 25,000 metric tons CO,, =

» 1/6t of annual GHG from an average size
landfill

» 1/100t annual CO, from a coal fired power
plant

»131 railcars’ worth of coal CO,

> 3,467 homes annual electricity use CO,
> 2,275 homes annual energy use CO,

» 4,579 passenger vehicles’ annual GHG
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x Replace the Non — Renewable Sources with Renewable Sources.

Potential of Renewables to Meet Current Energy Demands

440000
420000 4
1060000

Energy s 1
{millions of tonnes

of oil equivalents) BOCOD 4

P
/

& Potential Energy Production

GHG EMISSIONS FROM VARIOUS SOURCES

€0, fremn Stadonary ~Coal

£0, from Mobile Roat & Diber §
£0, Emisslans fram Stationary Gas §
€0, Emissions trom Stationary Combustion— 0

€0, Emissions from Mabite Combustion: Aviation 550

Direct N0 Irom Solf e

CH, Emissions from Enteric Fermentation 12 oy Eompuiiaes
Portions of all Emissions

€0, Emissions fram Nan-Energy Use of Feels
{H, Emissions from Landlills
Emissions from Substifines I B EIE

& ()
Fugitive CH, Emissions from Natural Gas Systems 555
£0, Ensissions from iron and Sigel Produetion & Metalluryleal Coke Produetion 5
Fugitive CH, Emisclons from Coal Mining £
0, Emissions irom Mobile Comlnistion: Marine
€0, Emissions lrom Cement Praduction
CH, Emissians from Manure Management
Inirect H,0 Emissions trom &pphied Mirogen &
Fugitive CH, Emissions from Petroloum Systems
0, Emissions drom Naturat Gas Systems

Fion-CO; from Statisnary Com

[ T T T T T T T T T T 1
9 200 400 G600 B00 1000 1200 1,400 1600 1800 2080 2.200
Ty C0, Eq.

Hetex: For a complets dscussion ofthe key soures snalysis, sae Annes 1. Darter bars indicatm 2 Tier { bevel assessmenthey calgrry, Lightar bars inficat a Tier 2 level assesament key osmgony.
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x Landfills are the second largest man

made source of methane emissions.

x Municipal Solid Waste Landfills
receive
+ household waste,
+ non-hazardous sludge,
+ industrial solid waste, and

+ construction and demolition debris.

DFILL GASES

IR awa Y AR AEEATAS I NS
x Landfill gas (LFG) is a by-product of the anaerobic
decomposition of municipal solid waste (MSW):
+ ~50% methane (CH,)
+ ~50% carbon dioxide (CO,)

+ <1% non-methane organic compounds (NMOCs) Gas

Collection System

x Methane is 21 times potent than Carbon dioxide for

global warming.
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+ Cs= steady-state concentration

at a point (x,y,z), gm,/ms3

+ Q= emission rate, gm/s

+ z= vertical distance from ground level, m

+ y= horizontal distance from plume centerline, m

+ u= average wind speed at the physical stack height, m/s

+ Oy, 0, = horizontal and vertical dispersion coefficients
(in m) which are function of distance x and atmospheric
stability

+ H,= effective stack height [physical stack height (h) +

plume rise (h)], m

2 —H 2
C=27m§' - ex;{—éizl{exp[——u(z 20_;) J+exp(
Yoz . z

concentration —| -

Ah = plume rise

_(z+HE)2]}

202

Plume
centerline

Hs = Actual stack height

He = Effective stack height
= poliutant release height
= Hs *+ Ah

Cij = Jt (xﬁy)ij*Qj

Generally, we know Q and F. So, we can compute C. Here,
we know C and F. Hence we invert F to compute Q.

q=Fc

measured

F is not a square matrix, so we perform the following

to invert it.

F' =(F"F)'F"

16
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LFG To ENERGY

N AT Y
% The gases produced within the landfill can be collected and flared off

or used to produce heat or electricity.

% For every imillion tons of MSW:
+ ~0.8 megawatts (MW) of electricity

+ ~432,000 cubic feet per day of LFG

Diversity of Project es (Electricity Generation):
% Internal Combustion Engine (Range: 100kW to 3 MW)
x Gas Turbine (Range: 800kW to 10.5 MW)

x Microturbine (Range: 30kW to 250kW)

The gas can then be used as a power source.

17

1. Landfill Waste
Structuring
2, Anaerobic deoo ;

of MSW ‘3. Landfill Gas Generated

B

5. Fossil Fuel (natural gas) Replaced with
Renewable Energy from Landfill

nergy Fuels a Remote
18
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x Direct Use: Directly use LFG to offset

another Fuel. This direct use of LFG can be
in a boiler, dryer, kiln, greenhouse, or

other thermal application or for

evaporation of leachate.

Vahicls el

x Cogeneration: LFG generate can both
electricity and thermal energy in the form

of hot water or steam

x Alternate Fuels :Natural gas, High Btu

or Medium Btu

o!

LB AT AN.R74

20
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Solid Waste Characteristics
(With correct BTU values)

Component

Weight

%

Moisture
%

Inert
%

Energy
BTU/Ib

Moisture
b

Dry Waste
Ib

Inert Res.
b

Discarded
BTU

Dry Basis
BTU

Dry and
Excluding
Residue
BTU

|Food Wastes

Paper

Cardboard

Plastics

Yard Wastes

Wood

Glass

Metal

Total

Avg. Moisture Content (%)

Avg. Inert Residue (%)

Avg. BTU/100 Ib; (Dry Basis)

Avg. BTU/100 Ib; (Dry Basis Excluding Inert)

0.00

0.00

0.00|

0

(BTU/100 Ib As Discarded) * (100 / (100-Moisture %))

BTU/Ib As Discarded * (100 / (100 - Moisture % - Inert Residue %)




Solid Waste Characteristics

(With correct BTU values)
Dry and
Excluding
Component Weight |Moisture {Inert |Energy Moisture |Dry Waste |Inert Res. |Discarded |Dry Basis [Residue
% % % BTU/Ib Ib Ib Ib BTU BTU BTU
[Food Wastes 15 75 5 2500]  11.25 375 075 37500)  150000] 187500
\Paper 35 5 5 7500 1.75 33.25 1.75 262500 276316 291667
Cardboard 5| 5 5 6500 0.25 4.75 025 32500 34211 36111
Plastics 5! 2 15 15000 0.10 4.90 0.75| 75000 76531 90361
Yard Wastes 20 70 5 4000 14.00 16.00 1.00 80000, 266667 320000
Wood 2 25 2 8000 0.50 1.50 0.04 16000 21333 21918
Glass 10 2 90 75 0.20 9.80 9.00 750 765 9375
Metal 8 2 9 200 0.16 7.84 7.20 1600 1633 20000
Total 100 ~ 28.21] 71.79 20.74| 505850 827455 976932
Avg. Moisture Content (%) 28.21
Avg. Inert Residue (%) 20.74

Avg. BTU/100 Ib; (Dry Basis)

Avg. BTU/100 Ib; (Dry Basis Excluding Inert)

(BTU/100 Ib As Discarded) * (100 / (100-Moisture %))

704625

BTU/Ib As Discarded * (100 / (100 - Moisture % - Inert Residue %)

990891



ENCE 3323: Introduction to Environmental Engineering
Spring 2009; Test 3
Part Il: Long/Design Questions
Time: 1 hr 45 Minutes (1.00 — 2.45 PM); Total Points: 60

Note: Answer any five questions. Open book/open notes. Some questions are straight from the
chapter-end listing/example problems but may have different data, so please read
carefully! Please return the question paper with your answer sheet.

NAME: | ¢ <

1 Calculate the volume of an aeration tank of an activated sludge plant for the following data:

Average flow - 0.0978 m>/s

BOD Average - 93.16 mg/1

Effluent soluble BOD desired - 11.1 mg/l

K, - 100 mg/!

kq - 0.05d"

. . 254"

Y, yield coefficient - 0.5 mg VSS/mg BOD;
MLVSS - 2000 mg/1

2 A lagoon having three cells, each 110,000 m® in area, a minimum operating depth of 0.6 m, and
a maximum operating depth of 1.5 m, receives 1.800 m’/d of wastewater having an average
BOD:s of 100 mg/l. What is the BODs and loading and what is the detention time? If the first
order kinetics and plug flow conditions apply with a rate constant of 0.3 ™! (k), calculate the
expected effluent BODs,

3. Determine the diameter of a single-stage, rock media filter (Trickling Filter) to reduce an
applied BODs of 125 mg/l to 25 mg/l. Use a hydraulic loading rate of 14 m*/(m>.d), a
recirculation ratio of 12.0, and a filter depth of 1.83 m. Assume NRC equation apply and that
the wastewater temperature is 20 °C.

4, Calculate the efficiency of removal of a 7 um diamcter particle having a density of 1,250 kg/m3
in a cyclone with 0.4 m barrel diameter. The gas flow rate is 2.8 m’/s and the gas temperature
is 25 °C. Give the cyclone design dimensions.

CycloneD = 04 m

B = 025x04 = 0.1m

H = 05x04 = 02m

L1=12 = 2x04 = 0.8m

De = 0.5x04 = 0.2m

Dd = 0.25x 04 = 0.1m

L3 = 0125x 04 = 0.05m

5 Determine the efficiency of an ESP for a particle of 80 um in diameter having a drift velocity

of 0.2 m/s. Collection plate height is 8 m, length is 5 m, and there are a total of 5 plates with a
spacing of 0.3 m. Consider all sides of 5 plates (total of 10 sides) collecting particles. Gas
flow rate is 23 m’/s.



Lh

10.

Write typical values of BODs, COD. S8, TDS of untreated domestic wastewater (range: weak

to strong values).

[4]

A two stage treatment system has two units, systems A and B in series. System A has 70%
removal efficiency and System B has 90% removal efficiency for BOD reduction. What is the

overall efficiency?

3]

Two wastewater treatment systems. Svstem A and System B are in parallel with the {ollowing

flow and efficiencies:

Systemn A Svstem B
Flow (percent of total): 30% 70%
BOD removal cfficicney: 70% 9()%,

Estimate the overall combined BOD removal efficiency.

Define “criteria pollutants” and list them.

Define “emission factor” and give two examples.

12]

Define atmospheric inversion and illustrate with DALR and ELR using temperature on x-axis

and altitude on y-axis.

3

(2]
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Donald jeroileman
Intro. to Environmental Engineering
Spring 2010

Lab 1: Air Quality - Particle Types, Concentration, and Sizes



Objective:

Our experiment will take an air sample during the process of cutting masonry block
and indentify the concentrations, types, and size of some of the dust particles
present. The particles tested for are heavy metals which include, transition

metals, metalloids, lanthanides, and actinides (also called toxic metals). The data
will then be used to create a particle size distribution (PSD).chart, mass of pollutant
chart, particle size (ECD) verse cumulative percent less than size range graphs, and
particle size (ECD) verse mass of pollutant graphs. *

Equipment Used:

Procedure:

- Discussion:

Innovex X-Ray Fluorescence Spectrometer . ' (
Laptop and Spectrometer Software

Masonry Block ~' :

Masonry Circular Saw

Small, Unventilated room

Ambient Cascade Impactor

--Set up sample, saw, and Ambient Cascade Impactor

- Observe safety precautions for personnel (eg. masks, goggles, etc.) 1/ '
“- Cut sample while taking air samples (10 min) W
Clean up area to prevent possible exposure to individuals who may enter area later
Carefully remove filters and fold in half twice to crate a cone look (this prevents loss
of contaminants
-_€arry out X-ray analysis (5-8 times per filter)
- Log data and perform calculation

L)

Based on the results, the particles are composed of very dangerous metals. The
highest concentrations appear to be Zn (Zinc - by far the largest), Ba (Barium), and Fe
(Iron) respectively. " {/

Unfortunately, | do not have the knowledge or the information to make any claims
as to the risks posed by thesz concentrations found.

7
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. Miscellaneous Notes

Pre-Separator | 10 & above Run Time 10 min

0 910 0.307 0.418 0.111 70.70% 29% )

1 58-9 0.335 0.339 0.004 2.55% 27% 58 e

2 47-58 0.336 0.345 0.009 5.73% 21% 4.7 Bis bt ] 2

3 3347 0335 0.349 0,014 8.92% 12% 33

3 21-33 0.333 0.341 0.008 5.10% 7% 21 Area{saem) #0:88

T 1121 0.331 0.336 0.005 3.18% 4% 11 ’

6 07-1.1 0336 0.339 0.003 1.01% 2% 0.7 1jf B Lo} 1272 Sy

7 04-07 031 0313 0.003 1.91% % 0.4

SUM: 0157 | 100.00%
Microgram

Filter 1 avg 16.54 0.60 1.87 6.79 16.89 0.88 197 54.85 1.01 2.96
Filter 2. avg 19.14 0.60 0.64 272 5.44 0.74 164 62.14 0.69 2.46
Filter 3 avg 18.75 047 0.00 1.10 6.49 0.58 161 61.22 0.55 218
Filter 4 avg 19.03 0.54 0.00 139 721 0.53 158 50.38 0.61 2.26
Filter 5 avg 19.60 052 0.00 0.86 6.04 0.53 155 61.63 0.54 2.09
Filter 6 ave 2032 0.46 0.00 051 591 0.56 151 62.85 0.59 2.14
Filter 7 avg 20.70 0.49 0.00 0.00 4.45 0.00 159 62.78 0.49 2.07
Filter & 054 112

33Ei/

299,3

Filter 1 2934 ’
Filter 2 avg 339.2 106 11.3 48.2 1673 13.1 1101.2 12.2 43.6
Filter 3 avg 332.3 83 0.0 19.5 115.0 10.3 285 1084.9 9.7 38.6
Filter 4 ave 337.2 9.6 0.0 24.6 127.8 9.4 28.0 1070.0 10.8 40.0
Filter 5 avg 347.3 9.2 0.0 15.2 107.0 9.4 275 1092.1 9.6 37.0
Filter 6 avg 360.1 8.2 0.0 9.0 104.7 9.9 26.8 1113.7 10.5 37.9
Filter 7 avg 366.8 8.7 0.0 0.0 78.9 0.0 28.2 1112.5 8.7 36.7
Filter 8 avg 333.0 9.4 0.0 0.0 81.7 11.9 266 1105.6 96 376
Sum 2708.9 74.6 44.5 236.9 1081.7 79.6 2295 8651.9 89.0 3239
o)
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Cumulative %
Initial Final Net Weight| % in size | Lesstan size ECD
Stage Size Range | Weight (g) | Weight (g) (g Range range (micrometers)
100 &

Pre- Seperator Above - 10.0

0 9.0-10.0 0.307 0418 0./ - 9.0

1 5.8-9.0 0.335 0339 0004 . 58

2 4.7-5.8 0.336 0345 |0, 007 47

3 3.3-4.7 0.335 0.349 n.OlY - 33

4 2.1-33 0.333 0.341 (D Q0F 2.1

5 1.1-2.1 0.331 0.336 0,005 1.1

6 0.7-1.1 0.336 0.339 0,007 0.7

7 0.4-0.7 0.31 0.313 0-00% - O 0.4

Back up Filter |  0.0-0.4 - SUm 0. 157 0.0

Time of Run = 10 minutes
Yoarrivn Nmmk\ (e N_\\ a .\‘« (e pre - Tror Ziont ]
Ba Pb Co Cu Fe Mn Mo Zn Rb Sr
FILTER 1 AVG 16.54 0.60 1.87 6.79 16.89 0.88 1.97 54.85 1.01 2.96
FILTER 2 AVG 19.14 0.60 0.64 2.72 9.44 0.74 1.64 62.14 0.69 2.46
FILTER 3 AVG 18.75 0.47 1.10 6.49 0.58 1.61 61.22 0.55 2.18
FILTER 4 AVG 19.03 0.54 1.39 7.21 0.53 1.58 60.38 0.61 2.26
FILTER 5 AVG 19.60 0.52 0.86 6.04 0.53 1.55 61.63 0.54 2.09
FILTER 6 AVG 20.32 0.46 0.51 5.91 0.56 1.51 62.85 0.59 2.14
FILTER 7 AVG 20.70 0.49 4.45 1.59 62.78 0.49 2.07
FILTER 8 AVG 18.79 0.53 4.61 0.67 1.50 62.39 0.54 2.12
m_ - malt 0078 rnlions ‘ x i o ..».Q fo m.\,\. MMiss ol ¢ ol 2n s

. “Units: microgram per square centimeter

= ...__\.
L
J

Diameter of filter = 9.5 centimeters
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Power Point 1 - chap 1

AIR REGULATION

» New source performance standards (NSPS)
[1970]

 Title V - Comprehensive air permit system

« National ambient air quality standards
(NAAQS)
= Prevention of significant deterioration
(PSD)
— For attainment areas; to prevent rapid air
quality degradation

» Water pollution control
- BPT - Best practical treatment
—BAT - Best available treatment
—NPDES - National pollutant discharge
elimination system
—BCT - Best conventional
treatment
« EPA’s priority pollutant list (Table 1-6/Pg.
21)

2/5/20..



Power Point 2 Mass Balance
(chap 2 part 1 of 2)

e Mass Balance Approach to Solving
Environmental Engineering Problems

Conservation of mass

e Balance = Deposit - Withdrawal

* Accumulation = Input, .. - Outpute, .

Example Calculation of Mass

a. Flow

Mass = (Flow) (Density) (Time)
1l m¥/d="7kg

Mass = (1 m*/d) (1000 kg/m?) (1 d)
= 1,000kg

Compounds in Water

Mass = (Concentration) (Volume)
1 mg/Lin 1 m*=7?mg

Mass = (1 mg/L) (1 m?) (1,000 L/m?)
= 1,000mg

2/5/2010



Verify That System “Closes” or
Balances

Input of mass - Accumulation of Mass -
Output of Mass = 0

“Rate” Means “Change With Respect
to Time” so,

(Rate of Accumulation of Mass)
= (rate of Input of mass)
- (rate of Output of mass)

dM _d(In) d(Out)
dT ~ dT  dT

Softening Water
a. Input Ca(HCO,)?
b. Reaction CaCO;,

2/5/2010



Change of O, in Stream

a. Input 20,
b. Microorganisms Use O,
- CO,

IN THESE INSTANCES, THE
PREVIOUS EXPRESSION SHOWS
ONLY THAT Ca(HCO3)2 OR 02
“DISAPPEARED”!

(Rate of Accumulation of Mass)
= (rate of Input of mass)
- (rate of Output of mass)

+ (rate of Transformation)

* Time Dependent Reactions are
called “Kinetic Reactions”

s “Stoichiometric Reactions™ are
those that have achieved
equilibrium.

2/5/2010



Transformation rate is described by
the “Reaction Rate” (r)

dM _ d(In) d(Out) .

dT dT dT

Reaction rate is function of

r = f (Temperature,
Pressure,
Reacting components
or Products)

2/5/2010



Power Point 3 Mass Balance
(chap 2 part 2 of 2)

Efficiency

* Often removal of contaminants /
pollutants is measured in terms of
mass removal efficiency.

—1 (Eta) = [(mass in — mass out) /
(mass in)] *100

= = [(Cin * Qiu - Coul* Qout ) /
(Cin * Qin)] * 100

2/5/2010



Example 2.4, Ty,

i air pollution control equipment on a municipal waste incincrator
ncludes a fabric fi

lier particle collector (known as a baghouse). The haghousc con-
15 424 cloth bags arranged in parallel, that is 11424 of the flow goes through cach

'_ﬂllc &3s flow rate into and qut of the ha{.imns: is 47 ms, and the concentration
qug[udq entering the baghouse is 15 g/m”. In normal operation the baghouse par-
Uoulaie discharge nicers the regulatory limit of 24 mg/m*. During preventive mainte-.

m"“ "lscht‘-elncul of the bags, onc bag is madvertently not replaced, so only 423 bags
-1 place.

he mass emission rate when one of the bags is missing
ciency of the baghouse, Assume the elficiency for each individ-

L br':cakulam the effi
B the averal] efficiency for the baghouse.

g s the same oy

e The mass balance diagram for the baghouse in normal operation is shown

P A T Gy = 2 mgem’
Qg = 47 mYs

Ca=15gm’
@, =47

Accuslution =
paticles
renvel
<= Conval volue

In concentration and (low rate terms, the mass balance equation is

L
- = G

0~ Conlou

The mass rate of accumulation in the baghouse is
-'fg = (15,000 mg/m*)(47 m's) ~ (24 mgm 47 m'fs) = 703,872 mgls

The [raction of particulates removed is

703,872 mg/s __ 703,872 mg/s = 0.0084
(15,000 mg/m™)(47 mgfs) 705,000 mgss
The efficiency of the baghouse is
15, fm’ ~ 24 mg/m?
15,000 mgy J[ng (100%)
15,000 mg/m
= 99.84%

n=

Note that the fraction of particulate matter remaved is the decimal equivalent of the
efficiency.

2/5/2010



Nate that the fraction of particulate matier removed is the decimal equivalent of the
efficiency. 3
T determine the mass cmission rate with one bag missing, we begin by drawing
 imass balance diagram. Because one bag is wissing, a portion of the flow (17424 of A

'oue) efectively bypasses the baghause. The "Bypess™ line around the haghonse is
drawn 10 show this.

A judicious selection of the contral volurne aids in the solution of this problem.
As shown in the diagram, a control volume around the averall baghouse and bypass
flow yields three unknowns: the mass flow rate out of the baghause, the rate of mass
accumulation in the baghouse hopper, and the mass flow rate of the. mixture, A con-
trol volume around the baghouse alone reduces the number of un knowns to two:

€, = gy’

L her

3
24/ "

(r——

Com?
i =(%)m P

i iy

bewmma e S

Contrel valime
Because we know the efficieney und the influent mass Hlow rate, we can solve the
mass halance equation for the mass flow mte out of the filter,

= Sélving for Cou oy

Coullow = (1 = 9)CipQyy
: = (1= 0.9984)(15,000 mg/m')(47 mfs)(423424) = 1,125 mgls

2/5/2010



-4

This value can be used as an |
5 n input for a control volume around the junction of the
gp_.ass, the effluent from the baghouse and the final effluent, :

Foom bugleg.

Mmass gl N i
2 ance for the control volume around the junction may be written as

=00 .
dt '"Qm from bypass Caninfln\n baghause — C:missth:miuiqn

there | :
15 50 accumulation in the junction

aM

dt

and the mass halance equation is

ComQont = Cinin tromn typass + Cinin rom vaghouse
15,000 mg/m )47 ms)(1/424) + 1,125 = 2788 mg/s

The concentration in the effluent is

Coulown _ 2,788 mufs 3
oo - V20 = 99 mpdm”
Cou 47 m's e

The overall efficiency of the baghouse with the missing bag is

_ 15,000 mgfm’ — Sg‘mghf‘“m%)
15,000 mg/m

= 99.61%

The efficiency is still very high but the control equipment does not meet the allow-
able emission rate of 24 mg/m’. TLis not likely thal & baghouse would ever operate
with a missing bag because: the unbalanced gas flows would be immediately appar-
ent. However, many small holes in a number of bags could yicld an cffluent that did
not meet the discharge standards but would otherwise appear (o be (unctioning cor-
rectly. To prevent this situation, the bags undergo periodic inspection and mainle-
vance and the effluent stream is monitored continuously.

n

it o b R P S
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State of Mixing

* Plug flow systems

— No mixing of constituents
(pollutants / elements) within the
system / boundary

— Concentration is variable within the
system (Pulse change?)

* Completely mixed systems
— Constituents are well mixed

— Concentration of constituents
(pollutants / elements) within the
system are identical

State of Mixing (Contd..)

¢ Also related terms are :
* Stead State: dM/dt =0

* Unsteady State: dM/dt # 0

2/5/2010
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Reactions

Accurne
is used o deseribe the
species. With

dif

it

. 20

S OMEn som commy Slure, prossure, the reacting

FRHTEDRE R phete ]

y ¢ (il

31 FHLE COMSTANT (10 =

ation of subsia

e csappearance of 4 substaice or

s
Chapier 1 the igaction raie, «
3 tal remaining, thiat 1s
e reactions, the

of boss of the substance is
en timne, /.

First order Reactions

12 eaised 1

ki power

Fou siny vith

af the oo

e sy
subndanee §

Noisa

ons, the otal miss of
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4 shatiow
surfacye agga of 10 ha (hectarest and 2
i e i sewage discharging o the

des bi 1y Idecay
rale constant {(decay o
AINg (CYAPOrEton, seep

the lugoon
cienth s U
n

i
by il

oy SLIE ConCenLr
the peollutan e

Solution,  We bepin by

we eqation may be

Nevun puLrate - decay rate

Assurning steady -stage ¢ tlore © U, then

Ferpuer rate

decay rate

wrnns of e sotation

(A

Now caleutate e val tate (C 118

Substituting inte the mass-halance

0

nat e = 77

e

SRR LY

have
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Plug-Flow with Reaction

fluid, does ot o with
plage In the Laok car
> slement can chanze with

contsl visme for |

redll

el

ikanes {1 our

o,

1 i and dtout = U

Plug-Flow with Reactions

rossed 48

sien, e right-hand ten may be <

A noied earfier, for & firstorder decay

{219)
The

woime (Y

Eequation 2

an to the

shere e | HaLy

mass-haie o

order kimelics is

"} 1

where k =
{1 = sesudenice 4
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Plug-Flow with Reactions

Reactors

¢ Reactors: Tanks in which
physical, chemical, and
biochemical reactions occur

* Types: Two, Batch and
Continuous

¢ Batch Reactors:
— Fill-and-draw type
— Materials added, mixed, allowed to

stay in for the reaction to occur, and
then drained

2/5/2010
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Reactors

¢ Completely Mixed Flow Reactor
(CMFR) or Continuous-flow
Stirred Tank Reactor (CSTR)

— Material flows in and out of the tank
on a continuous, uninterrupted, basis

Plug Flow Reactors

i
; B
by
HGLRE &2
Rath fosctu? o W My i
I bt teduce
i
s d ¥ 3
[EER]
Mo

ot T a Srsader seucteon in 0 batch reactor, Equation 225 nay e sinpliied to

2/5/2010
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CMFR /CSTR

i

Reactor Analysis

FrrEe e, €0,

2/5/2010
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Reactor Analysis — Batch
Reac

Batch Reactor.  Ladoratery expen

efThuent from a bitch «

fer a8 i sep incrense o

Reactor Analysis — Batch
Reactor

- i
N | " £ i
o018 Show lomatien [z

2/5/2010
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Time s Waste Concentration (mg/l.)

1 DN

6 132
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Reactor Analysis - CMFR

coneentr } IR TEWT:

) = concentration i influe nerease
£ = L dlier step &

= thearetical det

ket immediately followi
s of the lenm in the

ol e thal i3, raned & the p

where ¢ = 27183

i shiws the son plol

FIGURE 29
Flushing of CHER

o B 4 G
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Thiis
dﬂﬁmlg Hh

£ Hobor 2 ma b fower the concentration o the allowable level

Because the still have
Quile @ slen
A preca

SUCH A3 (0

¢« here, 1S i commonly feund in confined spaces
Severy feie poison and Las | 2 propesty of dead-
wy ot smell iLafter 4 few moments even
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States dhe because they huve entered  conflned space without taking stengen safety
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has e
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Power Point 3 Hydrology (Chap 3 part 1 of 3)

Hydrologic Cycle

* The global system that supplies and
removes water from the earth’s surface

» Three things to know:
— Evaporation (-)
— Transpiration (-)
— Precipitation (+)

Surface Water Hydrology

* Precipitation

— Precipitation forms (rain, sleet, hail, or
SNOw)

— Precipitation factors (extent/area covered,
duration, and intensity)

* Things that happen after precipitation:
— Evaporation
— Infiltration (in to the ground)

— Interception (by leaves, grass, and other
objectsg

— Trapping

» Abstractions (Evaporation, infiltration,
interception, and trapping) — four factors
that reduce direct runoff

2/5/2010
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Surface Water Hydrology
Streamflow

e Stream receives water from two main
sources
— Direct runoff from precipitation
— Groundwater exfiltration (reverse of
infiltration)
= This is also known as base flow / dry weather
flow

+ Occurs as a result of seepage of groundwater
out of stream banks

* Amount of water in a stream depends
on:
— Watershed feeding the stream (+)
— Abstractions (-)

Surface Water Hydrology
Streamflow

* Stream receives water from two main
sources
~ Direct runoff from precipitation

— Groundwater exfiltration (reverse of
infiltration)
* This is also known as base flow / dry weather
flow
* Occurs as a result of seepage of groundwater
out of stream banks

* Amount of water in a stream depends
on:
— Watershed feeding the stream (+)
— Abstractions (-)

2/5/2010
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Groundwater Hydrology

o Water table

— A surface connecting the piezometric
levels of water in wells

= Aquifer — The geological formation
that bears water
— Unconfined (Water is not under pressure)
— Confined / Artesian (Water is under
pressure)

— Perched (Situated above the water table;
water is not under pressure)

» Aquicludes (impermeable) < Aquitards
(intermediate permeability) < Aquifers
(permeable)

Arleslan
Recharge Areg
ey
A\ Snow
" Water Artesion
i Perched I i
! Surface
¢ Py, Water Table
A ) Gravily Spring
UB B % \ /-
{1 B
1 Unconlined Aquifer
1% ol 18¢e dotail
\ 7'_' _\\ Figure 2-2p)
1 \\ \
Confining Layer \! (N }
- I . L]

uithde N0 T
. N R

Flawing Aﬁ"t‘";um
Atlesian Well Quifer
Waler Table Wel

Nonflowing

Artesian Wel]

FIGURE.2-38

2/5/2010
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/l/Wue: Table Well
‘M[\\
Vadose Zone
—_—— Water Table
—I_ CopilaryFimge™ § —
——
§ 1/
: : Unconfined Aguifer
L : {Saorated]
I
1
TT7. H'HU
T =T

FIGURE 2.3
Detail of the unconfied auifer

Plezometric Surface

(o) i
FIGURE 24

Menometer analogy to water in an aquifer. Manometer “2” s analogous fo an unconfied
aquifer, Manometer 5" i analogons 10  confined aqpifer
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e i

Unconfined Aquifar

i

S&:ﬁm

Three Types of Aqu fers

TS

_ Parched Aqulm

ﬁmﬁ Sy oy
i

Unconfined Aquifer
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WEter Table Well

P

ey
P
- “

Confined Aquifer

Artesian Well

e / Flowing Well

ranomatic

e,
B Surane

Perched Aquifer
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Common Units of
Measurement

* Precipitation (mm); Rate (mm/hr)

» Evaporation (mm); Rate (mm/hr)

* Transpiration (mm); Rate (mm/hr)

* Stream speed (m/s) and stream
flow (m3/d)

* Volume (m?)

The Hydrologic Equation

* Mass balance equation (global basis):

Volp) - Vs(p) - Valp) - V()
- Vilp) — Vilp) =0

(Eqg. 2.1)
Vp-Vg-Vi-Vg-Vg=V¢=0
Where:
- Water density
- Precipitation
- Storage
Runoff

- Groundwater infiltration
Evaporation
Transpiration

SEmO®® YD
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Hydrologic Subsystem

¢ Rate of accumulation = Rate of
input — Rate of out put
ds/dt = d(In)/dt - d(Out)/dt
(Eq. 2.2)

Infiltration
* Horton’s Equation

f=rr(h-f)* el (Eq23)

Where:
f - infiltration rate, mm/h

; - equilibrium or final
infiltration rate

f. - initial infiltration rate, mm/h
k - empirical constant, 1/h
t - time, h
* Infiltration rates and ‘k’ are function
of soil type
* Integration of Eq. 2.3 yields Volume

V= ft+-£).(1-e"/k
(Eq. 2.4)

2/5/2010

28



Evaporation

» Evaporation,

E =(e,—e)*(at+tb*u) (Eq.
2.5)

Where:

E - evaporation rate, mm/d

e, - saturation vapor pressure, kPa

5

e, - vapor pressures in overlaying air,
kPa

a & b - empirical constants

u - wind speed, m/s

Expmple 21, Silk's Lake has a surface area of 0.8 ha. For the month of April the
inflow was 1.5 m'ls. The dam regulated the oulfow (discharge) from Silk's Lake to
be 1,25 m'l. If the precipitation recurded for the month was 7.62 cm and the storage
volume increased by an estimated 650,000 m?, what s the estimated evaporation in
m® and cm? Assume that no water inflisates out of the botiom of Silk's Lake.

Solution. Begin by drawing the mass-balance diagram:

Qo= | B mls

The mass-balance equation is:
Accumulation = Input - Outpul

"The accumulation is given a5 650,000 m", The input consists of the inflaw and the pre-
cipitation. The product of the precipitation depth and the arca on which it fell (70.8 ha)
will vield a volume, The pumut consists of outflaw olus evanoration,
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Notgita Apr 5 3 dys nd ki e Apple Ui Cnvesns

Ao = (1m0 AIB64008)
+ (16 emi08 R 0w V10 )
~(1 5 msOrde ) - £

Solving for £
£= 1890 453910t - 1410 - 650 P’
£= 53t

Furanatea of 708 b, e vaprationdeph i

it
2 s T | 'i 76
b o o

Example 2-2, During April, the wind speed aver Silk's Lake was estimated to be
40 s, The air temperature averaged 20 °C and the relative humidity was 30%. The
water temperature averaged 10 °C. Estimate the evaporation rate using the empirical
relationship in Equation 2-6.

Salution. From the water temperature and Table 2-1, the saturation vapor pressure
{s estimated as ¢, = 1,227 kP, The vapot pressure in the air may be estimated as the.
productofthe relative humidity and the saturation vapor pressure at the air temperature;

¢, = (2337KkPa)0.30) = 0.70kPa
The daily evaporation ratc i then estimated o be:
E = 1.22(1.227 - 0.70)4.0 mfs) = 2.57 mm/d
The monthly evaporation would then be estimaled to be:
E = (2.5 mm/d}(30 &) = 76.8 mm or 7.7 cm

TABLE 21
Water vapor pressures at varivus

temperatures

Temperature,°C  Yapar pressure, kPa

0 0611

b .sn
10 1.227
15 1.704
20 2337
25 1467
Ry 4.24)
15 5624
" 718
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Evapotranspiration

* Evaportranspiration =

» Water loss from plants
(transpiration) + loss from the
soil surface or root zone

« Factors that have influence:
» Soil moisture
* Soil type
* Plant type (Oak — 160 1/d;
Corn— 1.9 I/d)
* Wind speed, and
* Temperature

RAINFALL ANALYSIS

 Three important factors:
— Space (aerial extent)
—Intensity
—Duration
—Frequency

* Point precipitation analysis — refers
to single rain gage supplying data

* Spatial analysis — multiple rain
gages supply data; involves more
complex methods of analysis

2/5/2010
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RAINFALL ANALYSIS
Types of Rain Gages

 Standard (manual recording over
24-hr period)

* Weighing Bucket (Continuous
strip chart records the rainfall)

* Tipping Bucket (cup tips for every
0.25 mm precipitation)

0700h 0300h 1100h 1300h 1500h 1700 h

NEENE
NEENE
,mfl(//

lcm

S

FIGURE 246

Start 13 Aug 79
//
/,——
//
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FIGURE )
Copamia i

b et e

RAINFALL ANALYSIS
Intensity-duration-frequency
(IDF) Curves

* IDF curves are essential for rational
designing of storm drainage system.

* Avg. return period of a storm or avg.
recurrence interval in yrs (T)

T =1/ Annual Avg. Probability

* Weibull’s formula for Storm Return
Period (T) = (n+1)/m
Where,
T — average return period in years
n — number of years on record

m — rank of storm, with most intense
storm given a rank of 1

2/5/2010
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TABLE 2 .
Rainfall record for the Dismal Swamp (1 Oct. 1923-30 Sep. 1968)

Number of storms of stated intensily or more

Inteasity (mm/h)

D:::i:)ﬂ N WO A0 609 BRO 10D 10 MO0 600 1300 200
i o8 1 3 1
10 PA T I 1 4 |
15 uoou 11 6 ] 1
i 20 ¥ W ] 2 !

(] m d 0 § 1 1 |
4 3N & |
50 I3
] ] 1

Example 2-3, Prepare a table of plotting points for an IDF curve for a S-year storm at
the Dismal Swamp. Compute paints for each duration given in Table 2-2.

Solution. Since Table 2-2 is a table of ranks, we need to determine the rank of the
S-year storm. First, we reamange Weibull's formula;

w0t
T
where
n= 19681923 = 435y
T=5y
thus
46
m=?=9.2

Starting with the S-minule duration, we note that the 9.2-ranked storm lies be-
ween the |6th- and th-ranked storm; that is,

Intensity (mm/h)

Wealso note that the ranks increase from right to left while the intensities increase from
Jeft to right. Keeping this in mind, and recalling that we assume a linear relationship
petween intensity and rank, we may intepolale by simple proportions:

9.2=-7

571600~ 1400) = 439
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Thas,the 9.2-ranked storm is 4 89 munh ess than 160.0 mh;
160.0- 489 = 155,11 or 135.1 mnwh
The completed table would appear as follows:

Intensity and duration values for a
five-year storm at Dismal Swamp

Puratios (min) Intensity (mush)

1351
1345
1147
27
5903
03
kHA|

TEEENE S -

Note that a similartahle conld he consiructed for each intensity piven in Table

200

180
160
140 -
120 4

100

Intensity (oamsh)

Duration {min]
FIGURE 2-3
Intensity-duration-(requency curves for the Dismal Swamp,
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Power Point 4 Hydrology (chap 3- part 20f 3)

Example -4, Detcrmine the unit hydrograph ordinates for the Triangle River hydro-
gaph shown in Figure 2-14. The arca of the watershed is 16.2 syuare kilometers.

Solution, The firsl step is o determine the cepth of the storm precipitation spread
over the walershed. The depih is equivalent 1o the volume of water divided by the
arca. The volume is equal o the arca under the hydropraph. Because of the rather
symmetrical shape of his particular hydrograph, it woul be easy to find the area from
the principles uf geometry, However, in the interest of developing a fechnique tht will
also be applicable to more customary hydrographs, we will aumerically integrate the
arca under the curve, We do this by taking a convenient slice or cb and multiplying it by

RO <—s it Duration
s

2ok '.._; Excess Precipilation

60

=
=)
=

Discharge (mYs)
.

wk
20
1
an 1 1 1 1 1 1 1 1 1 s 1 1 L
0800 0900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Time of Day. b
FIGURE 2-14

Triangle River hydrugraph.
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the height of the direct runoff {DRH) ordinate, The direct mmffqrdim\; is sirlnply the
difference between the total ordinate and the base ordinate. In this mwlu instance
the hase ardinate is. by observation, 2.0 m's for all ime periods. Using a convenien
Lime interval of 1 bour, the following tabular computations are used to numerically
integrate the area under the curve:

Time Tatal Bese DRH Volume
interval () ordinate (mVs)  ordinate (m'5)  ordinate (m*ls)  increment (m*)

10-11 25 20 05 1.800
11-12 35 20 1.5 5,400
12-13 45 pAl] 25 9.000
1314 45 20 15 9.000
14-15 15 20 15 5400
15-16 25 20 05 1.800

¥ = 3240

The volume inerement is calculatcd as follows: First, the difference between the lotal
ordinaie and the base ordinate is found for the lime increment selected. In the fiest row,
for the time period from 10 AM to 11 AM the total ordinate is read from the hydrograph
(Figure 214} as 2.5 m'ss:

Total ardinate — Base ordinate = DRH ordinate
5w - 20m's = 05m's

 find the area (volume) represented by this slce, the ow rat i multiplied by the
ime interval selected {| b) with appropriate units conversions:

(05 mls)(1 h)3,600 ) = 1,800 m’

This process is continued for all the slices shown in Figure 2-14. The total volume (area

unider the curve) is estimated as 32,400 m?, We can verify this by using the geomeiry
of the triangle:

112{base)heigh) = (0.5K6 hHSAms = 2.0 m/5)(3,600 sb) = 32400

Since we wish to construct a unit hydrograph, we need to determine whether or riot this
Stor produced 1.0 cm of rainfall excess over the watershed. If it did, then we may use
the ordinales directly. I not, then we must adjust the ordinates so that they would be
equivalent to that produced by a 1.0 cm rainfall excess, We can determine whether or
not this storm produced 1.0 cm by dividing the volume of raindall by the area of the
watershed (given us 16.2 kin?):

R4 m

(6T kKT X 10 il 10 e = 0.20cn

Ttis obvious that the stormis too small and, hence, the ordinates are oo small. By divid-

ing the ordinates by the storm depih, we can synthesize ordinates for aunit hydropraph,
For cxample, for the first DRH ordinate:

DRH ordinate 0.5 m'ss

e, ¢
Storm depth BTy 25m'fs cm

This ordinatc would be located al the center of the stice that was used to establish il,
i.6., halfway between 1000 and 1100 hours (see the arrows in Figure 2-14),i¢., 1030
For a generic hydrograph stasting ai a time equal to zero, (he plolting paint would be
1.5 . The remaining unit hydrograph ordinates are tabulated below,
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Triangle River Generic

plotting time plotting time  UH ordinate
(] th) (m'/s - cm)
1030 ns 25
g (K3 15
1230 5 125
1330 RE 125
1430 4.5 15
1530 55 25

The unit *m's - ¢m"” is read as

o)

{sHem)
This means if we multiply a UH ordinate by the cm of excess rainfall, we will gel units
of m¥s for the ardinate,

We can check aur logic by calcufaling the aea under a similar Iriangle using
these new ondinates.

Tie DR Yolume
intervalth)  ordinate (ms)  increment ()
_—

1011 15 9400

1112 15 700

12-13 12§ 45,000

134 125 45,000

115 15 1000

15-1§ 5 9001

YR

Recaloting o o e

162000 w
TR e = e

The unithyrograph may be aypled 1 Seence of sorms tha have the same
unt duration. Ther ae (o fudament wsumplionsin e techique, The frs
bt o of he same untdvation b ntivtes i g iy Propartion o the
i ydogrgh vt o, smple o can ot o i i munoff
ekes.The second assumpion i ht e of o may e proviate by
superimpsing one hcograph over andhe it appropree e ) and adding
e orinate ogeher. This s stred i the e example
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» Hyetograph / Definition

* Figure 2.15 shows three sequential

RUNOFF ANALYSIS
Estimation of Runoff Quantity
Unit Hydrograph Method

— A plot between rainfall excess (cm)
vs. time (h)

storms that have the same durations
of 1 hour

Example 2-5. Using the hyctograph in Figurc 2-15, and the unit hydrograph ordinates|
from Fxample 24, deterimine the DRH ordinates and compound runoff,

Solution. The tabular computations are shown below, The explanation follows the|
table.

DRH ordinates
Time  Time Rainfall Ct i

iterval  (0)  ewessteml | 2 3 ol

! 0-1 0.5 125 NA  NA 1.25
b] 122 20 5 500 NA 875
3 243 1.0 625 150 25 JARA
4 H 0 635 250 75 875
§ 4-5 04 15 2500 125 4125
6 56 00 128150 12§ 8.75
7 &7 no 00 50 15 125
§ R 0.0 00 025 15
10
A
L]
» 10
{
]
10
=]
4
ot
0 I 1 3 4 FIGURE21S ki
Time.h Hyelograph for Triangle River basin. |
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" The time fnterval i simply an enumeration of the segments. For the firs hour, from the
hyelogrash inFigure 2-15, e tainfall excess is 0.5 em, For the second and third hours,
the rainfell excesses are 2.0and |.0.cm, rspectively. No rain fall afte the end of the
third bou. The column labeled DRH | refers to the ordinates that ane gencrated from
the rainfall excess (0.5 om) occuming in the frst hour. Likewise, the DRH 1 efers 1o
the ordinates resulting from the 2.0-cm rainfall excess i the second hour.

The first set of ordinates is obtained by muliplying he rainfall excess by each
of the UH ordinates, that s:

{Rainfall excess)(UH Ordinate) = DRH ordinate
Using the UH ordinates from Example 2-4:

{05 )25 s cm) = 125w
(0.5 em)(1.5 mfs-cm) = 375 m'ls
05 em)(125 Y om) = 625 m¥s
{05 em(1 25 m¥s-cm) = 625 'k
05 cm)(?5 m'fscm) = 375 m%s
05 caff2 S m's-co) = 125 m'

The values for the second DRH tart an hour latr. Thus, under the column DRH 2,
the first sow is not applicable (A} since the rain that all in the second hou {time
interval 2) cannot reach the stream in he first hour. Likewise, under the column DRH 3,
the first and second rows ane NTA because rain that falls in the third hour cannol reach
{he stream in the first or second haur,

The DRH ordinates for the second hour of rainfall excess are obtained in the
same fashion as those for the first, that is by multiplying the rainfall excess by each of
the UH ordinates:

(2.0em)25 mfs - cm) = 5.0ms
(20emi(7.5 m'fs -cm) = 15.0m'fs
(20em)125 mifs - cm) = 250 m¥s
(2.0em)12.5m¥s - cm) = 250 m's
(2.0cm)75 m¥s - cm) = 150mY%s

50

A
//\

+ - Compound Runoff Rydrograph

3
E

&

4

§al

] [mm 2nd I{our

Hydmgraph fom y-”
wk Tst Hour ,
- " Hydmgnpllfmm ’
-.. 3:6 Hour
0 3 4 5 h ] 8
Time. h
FIGURE 2-16

Compound runoff hydrograph for Triangle River. Note: Base flow is not shown.
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You should note that the tableis carred beyond the lastrinfall period in the hyetograph
untl all of the ondinates are used since it tzkes some finite kength of time for the last
drop of rainfal excess o reach he siream.

"The compound runoff is the sum of the DRH. ordinates for each of the time o
tervals. For example: ,

125+ NIA + NiA = 1.25

35 +50+NA =815

025+ 150+25 =207
To plot the compound runofT hydropraph, the compound runoff odinates are piotted ay
1.0-h intervals, staning 0.5 h from lime zero in accordance with the plotting position
of the UH ordinates specified earler, A plot of the individual hydrographs for each off

the storts, heir superposition, and the resulting compound hydrograph are shown in
Figure 2-16.

Power Point 5 Hydrology (chap 3- 3of 3)
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RUNOFF ANALYSIS
Estimation of Runoff Quantity
Rational Method

Storage
Unit of Time
Volume of Precipitation  Volume of Runoff

Unit of Time Unit of Time
S ¥, Y,
dt dt dt
2-10)
Sb Vi
dr dt

RUNOFF ANALYSIS
Estimation of Runoff Quantity
Rational Method

\v
e SN .
- dt |

Q — 00028 CZA @-12)

Q = peak runoff rate, m%/s

c = runoff coefficient

i = average rainfall intensity, mm/h
A = area of watershed, ha

0.0028 =  conversion factor, m¥*h/mm*ha*s

2/5/2010
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RUNOFF ANALYSIS
Estimation of Runoff Quantity
Rational Method

* Why is it called
Rational Method?

* In “English
Units” system, the
relationship does

not require any Q = CZA

conversion factor

= peak runoff rate, ft*/s

runoff coefficient

average rainfall intensity, in/h
= area of watershed, acres

> 00
I

Qutput = Q
FIGURE 217
The appiaton of thehydrologic equaion o  parking o baving rea = 4,
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Figure 2-18
Hyetograph and hydrograph for a parking lot

Constant Rainfall Intensity
SR

Discharge

Time

RUNOFF ANALYSIS
Importance of Time of
Concentration
in Rational Method

+ Important assumption in Rational

Method

— The average rainfall intensity used in
Rational Method (Eq. 2-12) has
continued for a period long enough to
establish direct runoff

— and that the rainfall has continued
long enough to equal or exceed ‘¢’
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RUNOFF ANALYSIS
Time of Conc. & Lag Time

* Time of Concentration (t.)

— Time required for direct runoff to flow from
the hydraulically most remote part of the
drainage area to the watershed outlet (or the
point of flow observation)

— Or, time required for steady state to be
achieved

— Influencing parameters: basin geometry,
surface conditions, slope

* Lag Time

— The lag time is the time from the midpoint
of rainfall excess to the peak discharge at the
point of observation

— Influencing parameters: basin geometry,
surface conditions, slope

1.0 o Bxcess Rainfall
] \ ;= Time Lag

Time of Cuncentration

N Inflection Poinl

Discharge

b, +
Time (o Peak
Base Flow
I T T T 1 T T T
Time

FIGURE 213
An idealized hydrograph showing a uniform basc flow and & superiiposed direct
- sunoff hydrograph resulting from 1.0 cot of rainfa excess.
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Example 2.6

* Review Example 2.6

wogae

RUNOFF ANALYSIS
Estimation of Time of
Concentration

801.1-C)3. 8D

(2-13)

s

time of concentration, min
runoff coefficient
overland flow distance, m
slope, %
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TARLE 23
Selected tunolf coefficients

Description ofareaor ~~ Runal  Description of area or Runolf
character of surface  coeffelent  character of surface coefficient

Rusinesy Railroad yard 02010035
Downtown 0700095 Unimproved 0100030
Nesghhorhood 0300070 Pavement

Residential Asphaltic and concrete 07010 0.95
Single-family 0300050 Brck 07010085
Moltiunit, detached 04010060 Roafs 07510095
Multiurits atached 06010075 Lawns, sandy soi

Residental (suburban) 02510040 Flat, 2 percent (05 100,10

Aparimen 0300070 Average, 2107 percent  0.10100.05

Industrial Steep, 7 percent 01510020
Light 03010080 Lawns, heavy sail
Heavy 060000 Flal, 2percent 013007

Parks, cemeteries 010002 Average, 2to7 percent  (.18100.22

Playgrunds 0200035 Steep, 7 percent 02510035

ISouree; Joint Committee-of the American Society of Civil Engingers and the Water Polluion Con-
rol Federation, Desige and Constrcrion of Sanitry and Storm Sewers, . 51, See Note 6, supea,

Buampe 1. st or e BLARS ecntdoeown i Exale 14, As
sue at e overland o i s 000,

Solon, Fron Exanyl

- wetse b s vl vy 020, Thi,

-y Ty
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Storms of Different
Frequencies: Which One to
Use?

* Which storm should be used for
design?
— 50 year storm
— 100 year storm

* Cost-benefit-analysis should be
employed

» Storm sewer design (Typical)

— Residential area - 2to 15
years

— Commercial area - 10to 50
years

= Various other factors should be
considered as appropriate

STORAGE OF RESERVOIRS
Classification of Reservoirs

Major reservoirs (> 6x107 m?)

— Designed to withstand maximum
probable flood

Intermediate-sized reservoirs (1x10°
mi3to 6x107 m?)
— Designed to withstand most severe storm

Minor reservoirs (< 1x10% m?)
— Designed to withstand 50-100 year storm

Benefits: Hydroelectric power,
irrigation, water supply, navigation,
ete:

2/5/2010
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STORAGE OF RESERVOIRS
Volume of Reservoirs
Mass Diagram Method

(2-14)

(2-15)

(2-16)

Example 210, Using the data in Table 24, determine the storage requited 1o meel.a
demand of 2.0 ms forthe period from August 1976 through December 1378,

Solution, The computations are summarized in the able below.

O Culd)  Qw  Quid &S TR
Monh (s (Fm) @) (€Y 0Fe)  0¢nd)

1975

Mg 10 4820 ST -DSIS  -0AS
Sp o 1S5 4B a0 S -l -1
00 1% 4m 20 S -Um o -
Mo 1M SHT 20 S 0ID6 -MB
D 15 6% 20 SN 00 -l

Ian 189 1141 4 339 LI
Rb - 957

Mar 177
Ar lad
My 683
Jun kL]

u b 485 20 5351 -1 -LOT
A L3 3T W 5351 -1 -4l
Sep L3299 S -1 5697
(st 142 303 20 537 -1 1200
Nov 198 SR 0 S =002 =120
Dee 212 56 W §37 . o -604
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2-10Contd 1

1578
Jm 1M 4% 20 531 -0SE -15%0
Feh 195 a0 488 -0 -
Mar 1B 10418 20 5351 1)

Am W7

My 6%
Jun M
T A1)

Aug 19% 130 20 5351 005k -005%
Sep 135 5084 20 SIM 016 -00ER
Ot 39 8% 20 5387 1919

Nev 3

D 127

The data in the first and second columns of the table were extracted from Ta-
ble 24,

The third column is the product of the second colum and the fime interval for
the menth, For example, for August (31 d) and September (30 d), 1976:

(1:70 mls)31 dB6400 /d) = 4353280 r*
(156 mls30 dB6400 1) = 4,041,520 m’

The Fourth column s the demand given in the problem statement.
"The fifth cohumn i the product of the demand and the time interval for the month.
For example, for August and September 1976:

(20 mis)31 €)86.400s) = 5,356,800 m’
(2.0 m5)30 086,400 5/d) = 5,184,000 '

The sixth column (AS) is the difference between the third and fith columns. For
exaniple, for August and September 1976:

4553280’ - 5356800’ = -B03 S20m’
403520 m’ - 184000’ = ~1140.480 m*

2-10Contd 2

The lastcoluma (> (A5)) s the sum of the last value in that columm and the valu
in the sixth cotumn. For August 1976, itis ~803,520 m? since this is the first valu

For September 1976, it is
-803520m') 4 (-1, 10480 ) = -1 94400 m’

The following ngic is sed in interpretn
3 the tabl. From Avats through De.
cember 1976, the emand exceeds he flow, and slorage must be pmfided. Tr?iuaegmm—
MU St0rage required funhis intervel is 3122 10° . Iy January 1971, the stomege
(.AS) excesds the ficﬁuf (Z(45) from December 1975, IFwe view the defct s the
volome of waler i a viral reservir ith 3 i ceapacty of 3122 X 10 !, hen
;z:m Demble)r( :;;!}6. '[t':t volume of watr in theresevoir s 041 |06 i nx
~ . The January 1977 inf s
ot ary ow enceeds (e demand and Al the reservoiy
Since theinflow (0, exceads the demand (20ms)for he monthsof February

through } i requied during this peri
- gh Jme 1971, no storage i requied during this period, Henge, po compulations

ﬁnm Ju?y 1977 through February 1978, the deman exceeds the inflow, and
sorage i e, The masinum torag rquire s 765)  0F g Note that the
computations for storage did mt s1op in December 1971, even though the inflow -
cm the demand. This is because the Slorage was not sulfcient to 1! the reservoir
defcl. The storage was suffiient 1 ] the reservor defcitin March 1973

You should notethatthse tabula i i
Wk Hons e paticlarly wel suled to spreadshe.
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GROUNDEWATER AND

WELLS

» # people served by surface water
=2 x # people served by
groundwater

* # communities served by

groundwater = 12 x #
communities served by surface

water
TABLE 28
People served by proundwater and surface-water systems
i Groundwater systems Surface-water systems
Sine
{nuraber Nomber  Number  Number  Number
of people of of of of
served) systems peapte systems people
3100 16,140 0400 L6 65,000
101-500 15950 %600 22! 637000
S01-1,000 490 a0 L 925,000
1,001-3,300 5314 10,774,000 1504 4924000
1.301-10000 Wm0 L 1026,000
10,001-25.000 94 14482000 9 1510000
25.001-50.000 31 12,862,000 4 13,943,000
50.001-75,000 9 §.954.000 161 9,900,000
75,001-100,000 45 31471000 7 £,352,000
100.001-300.000 8l 15,382,000 18 18437,000
500,001-1.000,000 1 5079000 no 185000
More than 1,000,000 | 1,705,000 13 21.144000

Ative community water systems a5 of Avgust 31 1993 (Source: Federal Data Roporiing System)
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Construction of Wells

Sanitary Considerations
Well Covers and Seals
Disinfection of Wells

* Pump Housing

Removable o4t Lamp

RooffWalls

Shingles and

Sheathing

Tnsulation
Vemilation <] : Rafs
S Pump Unit hars
Sanitary | 4

§ Well Seal Mo, | Contol S

Box &

Sheathi
Reinforced e

Concrete Siding

Protective
Casing

b Casing Shoe )
~ Fr#— Well Screen

Water-Bearing Sand or Gravel': “H -
- B=—Closed Bail Bottom

Packer Exp’lndcd_‘l_.:

FIGURE 2-22
Pumpheuse. [Source: U.5. Environmental Protection Agency, Manual of Individual

Warer Supply Systems, (Publication No. EPA-430-9-73-003), Washington, DC. 115, |
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06m
[ <— Highest
Flood
Level

%

K Steel Casing

%

FIGURE 2-23
Sanitary considerations in well construction.

Cone of Depression

« Drawdown
» Radius of influence
* Pumping costs

— Aquifer composition (clay, coarse
sand, gravel)

— Water table (deep and shallow)
— Spacing of wells (closer and farther)

2/5/2010
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Ground Surfage Dichag

£ Bl g s KD _.Comochpr;ssﬁrmg
Cone of Depression fr SN - Lesser unging Rate
"+ Greder Pumping e~ YT g oL

FIGURE -4
l?ffecl of pumping rate on cone of depression |
ton Agency, Ml of Inividugt Wt

Source: U.S, Environmenta) Proec-
PPl Sitems. S Note 2, s )

| Dﬂwﬂuwn

> Dischage

i Depression -
ot

AW vt

; _&\‘Ratliusd[nﬂum-

FIGURE 2.5
ElTet of aqufer mateial on cone of degession, (Source: 1.5, Envimnmental Potction
Agency, Mansolof cvidol ter Supply Svstems. SeeNote 20, supre)
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Static Water Table

Discharge
[ SN

i Discharge

\

FIGURF. -2

' Comecrad by pumping Well A”

) -‘Aquift!‘:' ",

‘.Cm‘ﬁ cresled by p:dmpin‘g
Wells A and B

Effect of overlapping cones of depression. (Sapree: U8, Emviromental Protection
Agency. Mamaal of budivicd Woter Suppfy Systems. Sce Note 20, supra.)

Groundwater and Wells
Definition of Terms

s+ Porosity: Volume of voids to total volume.
Units — No units

+ Specific Yield: % water that is free to drain
under the influence of gravity. Units — No units

— What holds water inside aquifer? (surface tension,
molecular aftraction)

» Storage Coefficient: Volume of available water
resulting from a unit decline in the piezometric
surface over a unit horizontal cross-sectional
area. Units — No units; m?® of water / m? of
aquifer

2/5/2010
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Static Water
Lavel
Reduced Water—
Ll =
Waler Drained by U‘ WY
Grvityfrom 1 (73§ § |
cuie mterof o) B FIGURE 227
Speciic yiek. (Sowrce: Jobason Division, UOP,
sl wjﬂlumcw:m (1) Ground Water and Well, St Paul, MN: Tohnson
Valune Soil Division, UOP, 1975. Reprinted by permission.

Groundwater and Wells
Definition of Terms

* Hydraulic Gradient: The slope of
the piezometric surface

* Change in head / horizontal
distance

* dh/dr
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A

. Croundvaier Table

—— hmsmmnenEaba S0 St s e T Ditom

FIGURE 2-18
Geometry for defniion of head and hydrautic pradient

Example 2-11. For the wells shown in plan view below, determine the directon of
flow and the hydraulic gradient. The total head is given for each well as follows:

WellA = 104 m
Well B =(00m 111
WellC =997 1.4 yn

Solution, The siepwise praphical solution procedure is shown below.

Step | Step2
A 3 C
Head 194 Distance ~, 10.0
Wm
03
02 160 m
100m
101
00 "% < Head Eyoal to
" Well €
B

57



2-11Contd |
Step3
A S0m C

Mm

B

"The distance r must be determined in order to calculate the hydraulic gradient. From
e plan vicw, se may note tha th wels form a ight triangle with legs of 400 m and
500 m. The angle  may be computed as:

mla =513
The distance 7 i

7= (400)sina = 400sin 5134 = 31235 m
‘The hydraalic gradient is then:

104m-100m
m

Note that the hydraufic gradien has no units,

= 000128

Hydraulic pradient =

Groundwater and Wells
Definition of Terms

* Hydraulic Conductivity: Property
of an aquifer that is a measure of
its ability to transmit water under
a sloping piezometric surface

* Also, the discharge that occurs
through a unit cross section of
aquifer under a hydraulic gradient
@l !

* Units — m/sec

2/5/2010
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K K= discharge that occurs (hrough
7= dischrge thatccers hougy T8 eton | m e
ont width and aquifer height D
FIGURE 229
Uhistation of definiion ofydraulic conducivity (K) and transmissibifty (7). (Soure:

Johnsan Division, UCP, Growrsd Water and Wells. Reprinted by permission. See source
ole for Figure 2.26, supra.)

Groundwater and Wells

Definition of Terms

* Transmissibility (T): A measure
of the rate at which water will

flow through a unit width of

aquifer extending through its full
saturated thickness under a unit

hydraulic gradient

» Units —m?3/s

2/5/2010
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Well Hydraulics

* Darcy’s Equation

(2-19)

(2-20)

(221)

= Darcy’s Equation

(223)

(2-24)

2/5/2010
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Well Hydraulics

» Darcy’s Equation (2-25) has been
solved for steady and non-steady
(transient) flows,

* Assumptions:

— Pumping at constant rate

— Flow towards the well is radial and
uniform

— Initially piezometric surface is horizontal

— Well penetrates the entire depth of aquifer

— Agquifer is homogeneous and is of infinite
length

— Water is released from aquifer in
immediate response to a drop in the

piezometric surface
Original Plozometric Surfaca
TTTTRFERNS] | v
o ifﬂ" Z - KN

U] Impermanbla

&, Qﬂ;inall‘lezanm.n'c Surface = GWT
5 e ¥
I|‘
= 5
WO ) .

. —

|
T 1
1
~ oy - Plozometric
~ |4y~ Surface after ®
! Pumping
1

) lmpeﬂned;blu
FIGURE 2-30

Gmelq and symbols for a pumped well n (a) confined ﬁqui!'er and (h) unconfined
aquifer. (Source: H. Boower, Groundwarer Hydrology, New York: McGraw-Hill, 1978
Reprinted by permission.) i

2/5/2010

61



Stead-flow
Confined or Artisan Aquifer

- .

* Q, discharge, m3/s

T — transmissibility, m%/s (K x D)

* D - thickness of aquifer, m

* h,, h, — heights of piezometric
surfaces above the bottom of
aquifer, m

* 1}, 1, —radii of influence, m

Example 2-£2, An atesian agfer 10.0 m thick with a plezometric suface 400 m
above the bottom confining layer is being. purmped by a fully penelrating wel. The
aquifer i5 2 mediom sand with  hydrulc conductvity of 130X 10°* mis. Steady
state drawdowns of 5.00 m and 1 00 m are oserved l two nonpumping well ocated
200 mand 2000 m, respectively, from the pumped well. Determine the discharge
the pomped well,

Salution, First we determine fy and hy:
h=400-50=30m
b=400-10=30mn

50

0- (2a)(1.50 10710010 - 350)
) In(20020)

0= 00l640r 0016 m'%

2/5/2010
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Steady-flow
Unconfined Aquifer

* Q, discharge, m%/s

* T — transmissibility, m3/s
(Kx D)

* D - thickness of aquifer, m

* h,, h, — heights of
piezometric surfaces above
the bottom of aquifer, m

* 1|, 1, — radii of influence, m

Example 713, A 0,50 m drameter well Tully penetraes as wnconfined aquiter which
15 30.0 m thick. The drawdown at the pumped well is 10.0 m and the hydraulic con-
duclivity of the gravel aquiferis 6.4 X 10~ mis. [fthe flow s steady and the discharpe
i5 0,014 mYs, determine the crawdawn atasite 100.0 m from the well

Solution, First we calculate by
b =300-100=200m

Then we apply Equation 2-27 and solve for fy. Note that r, = 0.50 m2 =
025m.

6 0708 = (200)
Bl == n(1000.25)

(0.014)5.99)
64X 107

ha = (417 + 400.0)"
by = 2010 m

18 - 4000 =

The drawdown is then
h= H—frz =300-20.10= 99 m

2/5/2010
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Unsteady-flow
Confined or Artisan Aquifer

(2-28)

S = drawdown (H-h), m

r = distance between pumping well
and observation well, or radius
of pumping well, m

S  =storage coefficient

T = transmissibility, m2/s

t = time since pumping began, s

Example 2:14, IF the slorage coeficient is 274 % 107 and the transmissbilly s
263 107 %, calculate the drawdowa that wi result at the end of 100 days of
pumping 2 061-m-dameterwell at arateof 220 X 10° 'k,

Solution, Begin by computing 4. The radius s
p= g'-“- =030 m
and .
(0305 mR 7410
" e o) G40

The factor of 86,400 s to convert days to Séconds.
Fromtable of W(u) versus 1 find thatat 28 X 107", W(w) = 214190

Compute .

=280 % 107

E-z 1
= L L

AR
S U or Mm

2/5/2010
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Unsteady flow in
Unconfined Aquifer

* No reliable solution has been
developed so far

Hydraulic Properties of a
Confined Aquifer — Steady
- State

2-30)

where s;=drawdown at radius r,
s,=drawdown at radius r,

2/5/2010
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Hydraulic Properties of a
Confined Aquifer —
Transient/Unsteady

(2-31)

Solving for T, we find

(2-32)

(2-34)

Example 2-15. Determine the transmissibility and storage coeffcient for the Watapi-
tae Wels based on the pumping test data plotted in Figure 2-31.

Solufion. Using Figure 2-31 we find s; = 049 matt, = 1.0 minand at sy = 10,0
min we find 5 = .43 m, Thus,

ki)
TR0 10

= (L8710 2300 = 430 % 107 s

From Figure 2-31 we find that the extrapolation of the straight parion of the graph
yields fy = 0.30min, Using thedistance between the pumping wel and th ahservation
(r = 68.58 m) we find

_ (22SK30X 10 030)(80)

) (6587

=37x107

The factar of 6()is to convert minutes into seconds. Now we should check (o see if
our itnplicit assumption thal u s less than 0.01 was tre. We use = 10.0 min for the

check,
. (68.5813.7 % 10°%)
" X 01000

This is a bit high. However, it is obvious thal at 100 minutes it would be acceplable,
Since the slope does not change, we wil take this as a reasonable solution,

=007

2/5/2010
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Page 1 of 1

What are combined sewers? — expected to accommodate both municipal wastewater and stormwater. (page 11)

What is a lift station? -- location of a sewage pump that pumps vertically to discharge into a higher-elevation gravity sewer. (page 11)

What is a unit hydrograph? - it is a direct runoff hydrograph (drh) that results from a unit precipitation excess (say 1 cm) over a watershed for a unit period of time
Time Dependant Reactions are called Kinetic Reactions.

Know how to graph a IDF curve, Itis in the slides (chapter 3 part 2), something like 5 yr storm, which will be under 10 yr storm, which will be under 20 yr storm, etc. like
in the slide

R N

these are the questions chad marked and told me he remembered. also something with the variables: Ct, CO, k, theta. which i think is the zero order equation on page 70in
chapter 2.

https://mail.google.com/mail/?ui=2&view=bsp&ver=1qygpcgurkovy 2/5/2010



ENCE 3323: Introduction to Environmental Engineering
Quiz 1: Chapter 1 through 3

Name:

1. Define “steady state.”

Steady state is a condition when there is no accumulation, and/or there is no change with
respect to time.

/ 2. Explain and/or define reactors
The tanks and/or containers in which physical, chemical, and biological reactions occur are
called reactors.

3. Explain about plug-flow reactors
If fluid particles pass through a tank in sequence, that tank is called as a plug-flow reactor.

9/4. What are the two processes through which water is transferred to the earth’s atmosphere?
Evaporation and Transpiration

3. How much snow (“mm of snow”) makes the equivalent of ““1 mm of rain?”
10 mm of snow fall make the equivalent of 1 mm of rain

If abstractions are those that reduce the amount of direct runoff, list those four
abstractions.

Evaporation, _inﬁltration, interception, and trapping

(a) Confined aquifer
(b) Unconfined aquifer
(a) Confined aquifer

b
/ Which type of the aquifer listed below is under hydraulic pressure?
A

List the two main sources of water for a stream.
Direct Runoff
Exfiltration (opposite of infiltration)



wz” 11,

T3

o

15.

16.

What is exfiltration?
Exfiltration is the reverse of infiltration. Seepage of groundwater out of stream banks is
called exfiltration. This is also known as the base flow or dry weatner flow.

Arrange the following three geological formations based on their permeability (low to

high):

Aquicludes; Aquitards; Aquifers
Agquicludes (impermeable) < Aquitards (intermediate permeability) < Aquifers
(permeable)

List the three types of aquifers.
Confined aquifers

Unconfined aquifers

Perched aquifers

Evaporation rate (mm/d) increases with wind speed; True or False?
True

Evaporation rate (mm/d) increases during the days of high relative humidity; True or
False?
False

List the three most important factors in rainfall analysis.
Intensity; Duration; and Frequency

What is the difference between “point precipitation analysis™ and “spatial analysis?”
In point precipitation analysis, the rain fall data is supplied by single gauge and in
spatial analysis the data comes from multiple rain gauges.

What is evapotranspiration? - .
Water loss from plants plus the water loss from the soil surface or root zone



17.

w20,

23.

24,

5.

What is transpiration? - =
Water loss from plants is called transpiration

Intensity and duration of rain fall are directly proportional. Is it true or false?
False

Storm A and B have the same duration, but Strom A is more intensive. Which storm has
the high frequency of occurrence, Storm A or Storm B?
Strom B

Storm C and D have the same duration, but Strom C is more intensive. Which storm has
higher value for “‘average storm return period (T),” Storm C or Storm D?
Strom C

List three important factors in “runoff analysis.”

What portion of the storm/rain reaches the stream/storm drain?
How long does it take to reach the stream/storm drain?

How often the runoff causes a flooding?

What is a hydrograph?

A hydrograph represents the discharge of a stream at a single gauging station

Explain the base flow in a hydrograph.
Base flow is due to exfiltration of groundwater from the banks of stream

Write the rational equation to estimate runoff quantity and identify the units of each
parameter in the equation

Q=CiAd;

O — cubic feet/second; i —inch/hour; C— runoff coefficient; A — acres

Define “time of concentration.” )
Time required for direct runoff to flow from the hydraulically most remote part of the
drainage area to the watershed outlet (or the point of flow observation)



CHAPTER 3
SOLUTIONS

3-3 Mass balance on storage reservoir and runoff coctficient

Given: watershed area = -1-_.{1'{}7() km?; precipitation = 102 em'y: flow of river = 34.2 s
infiltration = 3.5 x 1077 emys: evapotranspiration = 40 cm/y

Solution:

4. The mass balance diagram is shown below.

Precipitation Evapotranspiration

< ( 3
hll"ll"&‘lg-; — Jutilow

!

Inihratien

Figure S-3-3 Mass Balance Diagram
b. The mass balance equation is:
AStorage = Precipitation - Outflow - Evapotranspiration - [nfiltration.

c. It is convenient to solve the mass balance equation in units of em/y, so converting
flow and infiltration:

(34.2 m% /s (86400 5/d)(365 4/ y {100 cm/m)

. - L — =26.96¢cm/ v
(4000km? N1 10 m?*fkm? ) cm/y

Flow =

d. Campute the change m storage.

The velume for the 4,000 km? arca,
Volume = (1770 enm/y)C 107 mdem 4,000 km?)(1 x 10° m*km?)
. R S 8 3
Volume =708 x 10"m  or7 x 107m
¢, The runolt coetficient is

runotr 2G.960em
(‘= | _ 5 ) I | ﬂ[},zﬁ

precipitation 12em
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[DF curve for 10 v storm
Given: T=2y:n=45:Table 3-1

Solution:
3
m=—=4.,6[}
10

By interpelation find intensities for selected durations:

Duration (min) | Intensity {mm/h)
5 172.0

[0 [56.0

|5 [26.3

20 Ukl

30 72.6

403 447

S0 382

6l 2h3

[DF curve for 3 v storm
Given: T=35vin= 10 Annual max data

Solution:

Under cach duration find intensity of 2.20 ranked storm by mterpolation:

Duration (min) | Intensity {mm-h)
30 118.8

() 6.8

00 T7.8

[ 20 522




3-13  Parking lot configuration

Given: Vertical and horizontal configurations
For=a” D=830m, S=06.00"%
For=b™ D=600m, S=6.00"%

Solution:

a.  From Table 3-3 under pavement select C = 0.95 for "asphaltic”™

b. Forconfiguration “a™

. e 1l
L8(1.1-0.05328)s300 1408 oo
£, o 2200 = =T7.75minor 7.8 min

¢ 1 - 21T
6.00% 1817

¢. Forconfiguration “b™

L8(1. 1= 0.95)](3.28)600.00)}2 11,977

t, = — = 06.59minor 6.6 min
6.00%% 1817

o

3-28  Compound runoff hydrograph for Isoceles River

Given: Rainfall excess for 1st hour = 0.1 ¢m; for 2nd hour R.E. = 0.20 em: for 3rd ho
R.E. = 0.05 cm; U.H. ordinates from Prob. 3-23.

Solution:
Time | R.E.(cm) DRH Ordinates Compound
] 2 3 Runoff (m’/s)
| 0.10 1.0 | N/A N/A 1.0
2 (.20 20 20 NA | 4.0
3 .05 1.0 | 4.0 0.3 5.5
4 (1.0 0.0 2.0 1.0 3.0
5 0.0 0.0 (3.0} 0.5 0.5




1-2
Gl

Compare efficiency of CMFR and PRF
Given: ¥ =280m°, Q= 14 m*/d, k=0.05 d’
solution:

a. CMFR

g

From Table 2-

o

]

| + k&

M 2R0mt
He—es——e7= 2ol
Q I-lm“.-"ll

C, |

] ~0).30)
%

[+ (0.05)20))

Using Eqn 2-8

T I ) o
N =————= X 0% = 30%
{

b PER

-

rom Table 2-2



27 Rabte constant Tor two lagoons in series

Coiven: Data rom Prablem 2-26, two lagoons in series, arca ol cach lagoon 5 ha depih

I
Solution:

a. Nlass balance diagram

Ca €L Q C
{) == ‘ > %

Lavaon | Lagoon 2

Thus. the autput from the 1™ lagoon is the input to the 2™ lagoon, Solve the problem

sequentially,
b. Caleulate volume and hvdraulic retention time

g - s 2o —— . 3
oA han 1OonGo m haat b my - 30x 10Y m

W

Cox soxslotmt L
0m—= ——=3 7R7d
G sedimfd

¢. Using Table 2-2

9 ( T
[ | = _:__
|+ kb
Jd. Because Cp - Oy Tor the second lagoon and the second lagoon has the same
relationship

= ('l

[ A
[+ kb

Substituting Tor ¢

o

¢ = | : l\‘lt e
ke A 1+ ke

G _f &Y
C, LI+k8;

| L, ‘ll}{ |

L C_ ) | + k&
I+ k=] —= I

k=0212360r021d"



0

[ B

o Caexpi-ki

C ; .
—= = expl- k@)

o

—=u = axpl—(0.05)(20))
- /

T

{'x
oul i l‘)';')'
C

(&}

Using Egn 2-3

¢ —0.370, _ .
N =——% 00% = 63%
[' i
Volume required tooachieve 95% ellicieney
P . 3 P
Caven: ) 14m Jdoko s
salution:

a. Solve Lgn 2-8 for fraction of C,

& (X6,
(.‘

]

N=095=

| X o (s
oS

Therelore

b, CMER
From Table 2-2

-y ( .r.

1+ kB



c. PER

Salve Ter D

.

kB T

]

o

_— | + l\H
.

[}

Solve for the solume

R
g =—
(2

oo = AR0 A 14 m7 A

IFrom Table 2-2
¢
SR
C,
Asn i above

003 = exp( - D.030)

g !
o

Take the natural log of both sides

=2.9957 = -0,050

2om’
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Temperature of river alter conling water discharge

Criven: River ow rate = 40 m™ s, river lemperaturs
m's., n:un]in_-; waler temperature = su7 O

Solution:

This is a simple energy balance as in Example 2-12. Assume the density of water is

L1000 ke/m?*. The balance equation would be:

OQrivert PUCHAT ) = Qconting water PHCp AT

Because the density is assumed constant and the specific heat is the same the

equivalence reduces to:

T

Qrivert T — (27301 S+ 18- {-‘)-:.mling witert (273,15 ¢

or,

400T - 291.15) = 235315 -T)
40T - 1edi = Toe. 30 - 27T
42T = 12,352.30

T2 10K or 2095°C or 2170

|87 O, power plant discharge






CHAPTER 2
SOLUTIONS

2-1 [xpected hife of Tandtill

Given: 16,2 ha at depth of 1O m. 763 m™ dumped 3 days per week, compacted to twice

delivered ul-:nsily
Solution:

a. Mass balance diagram

Solid Waste ———-7  Accumulated

765 m'id Solid Waste
. Total volume of landfill

(162 hapi 1O m¥has( 10 my = 1620 x 10° m?

¢ Volume of solid waste is ¥ delivered volume alter itis compacted to 2 times its
delivered dt;‘.l]*;il}f

(O oSy AR2Z A m” g

JdoAnnual volume of solid waste placed i landfill

. s = o g e T
(3825 m 3 dwkys2 wkiv) - 9045 x Lot mbry

¢ Estimated expected lite

|.620%10°m’ ;s
= |6.29 or 16 years

@ 0.945x10* m*fy e gt

NOFTE: the actual ile will be somewhat less due (o the need o cover the waste
with soil each day.



2.4 Annual loss of gasoline

Given: Uncontrolled loss — 2.75 ke/m?® of vasaline
Controlled loss = 0,093 kp/m® of gasaline
Refill tank once a week
Tank volume 400 m’
sSpectbic gravity of gasoline 15 080
Condensed vapor density = 0,80 g/ml.
Costol gasoline — S0R0L

solution:

a. Mass balance diagram

4' 275 kg/m” loss

.00 m’
of gasoline

—_—

b Annual loss wath splash fill method
. ) R o 2 - o
Loss = (00 7wk 275 ke/'m™ il 32 whkiy) = 3
e NValue of Tuel captured with vapor contral

A 10 Ve V0T TR 3 — Ivre -z :
Mass captured = (4.00 m™/wki(2.75 kg/'m” — 0.0935 ka/m™ )52 wkiv) = 535224 ke/y



bz

C}I’;.I'l

Cpp =

Value (note: 1.0 ¢/'ml = 1000 kg/m?)

(552 24 ke /v 100G L, m), . (
\“',f' = j “IS106/L)=S8ST73.72 or $732
.‘\lil{?i;gf‘{m' )

Mass rate of trager addition
z SN ETE 3o - 3 . — ,
Giiven: Ogpp o 200 m7s, Qppr = 003 m7 s, detection Tt — 1O ma/1L
solution:
i s P i
a. Mass balance diagram (NOTE: Qgy = Qre + Qe = 3053 m77s)

C)”ﬁk = (105 I'E'?j‘-“.h

Crpg =" \\Tilf’m Run

i i
| |
30m's —-—:P -:——b Qoer = 3.05m'5s
i % i * e 2= | O o
. : Rappahannock River : Cour = 1.0 mg/L
i i

I, Mass balance equation
Crrfrr + Crrelrer — Conlow
Because O in = O this equation reduces to:
Coprfdrer € ‘nuti‘juul

¢ Note that the quantity Cppplippr is the mass low rate of the tracer into TPR and
subvabitute values

lome  3.05m°  looul ke 864003
Copn Do, =5 = * — — = 264 k:f l.I
- : 3 [ =
L 8 m (0" mg d
d. Concentration in T Pot Run
C C o e (264 kgfd)10° mp/ka) &1 P60 ol
= = - - =61 or 60 me 1.
1R : T R T T — L
5 - losmfaisednasfdilloon L fm?)

Volume of sludge alter hiltration

R ) ¥ “ Z 3 v N
Given: Sludge conventration of 2% sludge volume = 100 m7, sludge concentration alter

[lration = 33%

Salution:



a Mass balance diagram

V(00 1 e—

( e LUk
] =0

Filter

b. Mass balanee equation

G v Yot
CinZin ™ ComTom

¢ Solve Tor Fom

¢ |||¥in

T ¢
ol

d. Substituting values

e S
Ih o35

(on2ionm?

_ 3
=37Im

Hazardous waste incinerator emission

Coven: Four nines DRE
Mass (low rate 1

1 | 000G ois

Incimerator 1= %0 ellicient

Solution:

a. Mass balance diagram

Mass in

b Allowable quantity in

Mass out = (| -

= (1 — 09999 | 0000 ¢/s)

T Mass oul

= |
I |
| |
| |
\ Incineratar I

I
H————— !

eIt stream
DRENMass in)

000010 o'



2-10

o Serubber effictency

Mass out o meinerater = (1 -

090K 1000 25} -

[IREAIRIS IR il "g\

Mass out of scrubber must be 0.00010 ¢/'s from “b™, therefore

O 1000 gfs — 000010 g/s

n= = 0999 or 99.9%

0 o0 e fs
Sampling Hher elficieney
Givens First Lilter captures 1941 particles
Second lilter captures 63 particles
Figure P-2-10
Fach filter has same elliciency

Solution:

a. Note that

O, C
N =—=and n=—
8 [

b. The concentration Cz 15
Cy Oy - [
c. Substitute elficiency for Cypand €

O3 )
e ::I_.i!,m[u)_l.]

n 11

o Solve Tory

63 194 - 194y

L4 g s 63 - 1941 = -1LETN
878 z
[t

Co - 194
s (=7 = /

R A
n' C,'lfl{/ Cl

CtM - Gir9-¢3

[ g

Cl B (;"l?ql

¢ The efMiciency of the sampling Hlters is 96.75%



Coneentration of mickel in wastewater stream

Given: Figure I 2-1 | concentration of plating solution = 85 oL, drag-out rate - 0,05
Limm, Mlow mnto rinse tank 130 Lomon. assume no aceumulation in tanlk

Solution:

a. hass balanee diagram

Qpsem = .03 Limin
L:m:l:-.'l - -?
Oy = 0.05 Limin =i

o
Ciu= 85 gL,

e = 130 Limin
Cliee = 0

rinss

Qe = 150 L/min
) .

. N |
kel T -
b, Mass halance equation

(~}il1(~ .in ' ‘-w]rin.\x-{' 'rin«.‘u:

(-\]Llfiﬂ_-".'l".{' nickel = Qrin.«‘.:{ ‘11i-.'knl 1l

e Because Crinse = O this reduces 1o

Qi Q \'1nl,§!n|n{— ickel © Crinsel nickel

i Salving Tor Cpiegal
O O

s < in
" mickel

‘)-Imgunl t+Q

sy

eosubsttuting values

(0051 minlisefl)

o ! = 28mg/fl.
MEL oS min + 150 1 /min




2-19

Mixing time o achieve desired energy content

Given: CMFER. current waste energy content = 8.0 MI'kg, new waste energy content =
10.0 MI'kg. volume of CMFR = 0.20 m?, New rate into and out of CMER = 4.0
/s, effluent energy content = 9 MI'ka.

sSolution:

. Mass balance diagramat t=n

Q=40 Lis O=40Ls
Cu= B MIkg — [ Cou=8Mlikg

b. Step change in influent concentration at t = 0
Cin = % MI'kg increases to Gy = 10 Ml kg

Assuming this is non-reactive then the behavior 1s as shownin Figure 2-8and Lgn 2-

£,
A0 applies. Using the given values:

MI MI e M

P = P 10— (| —e™")
Ky ke kg

Compute theoretical detention time:

0.20m°

H=- - - .
(401007 m'ﬂ/l.]

= 50s

Salving for the exponential term:
9 =8 410~ 0™
— = (§~10)"*

—1 50

”::'" =8

Taking the natural log of both sides

— 0693 = —
30

L= 34660 or 35 s



Oriveen concentration in battle

Given: Starting Os concentration — 8 me L, rate constant of ©.33
Solution

a. General mass balance equation for the bottle 1s Fgn 2-28

Cy = Coe™

b With Cy = 8.0 mg Loand k = 035 the platting paints Tor oxygen remaining are:

Dav Oxveen Remaining, ma/l
| S.d
2 397
3 2.7
4 1.7
5 |.39

Problem 2-14 BOD Decay

BOD, myg/lL
e

T
1
0 T T T T
0 1 2 3 4 ) B
Day

Figure S-2-14: BOD decay




Brine pond dilution

p—_— : - 3 ; e \

GCiven: Pond volume — 200000 m™, salt concentration -+ 23000 mg L. Atlantic ocean sall
concentration — 20,000 me L. final sall concentration = 300 mg L, time 1o achieve
Nnal concentration = | year.

solution:

a. Assuming the pond is completely mixed. treat as a step decrease in CMER and use Lgn

2-3% and salve Tor (.
o o O Tvear
500 = 25000 exp ——— |
L 8

{ =1y
0020 = exp —= |
B

Take the natural log of both sides

-3.G]2 v_—_t__hf. i

g |

. | -
B ——— = 1325500
3912 '

b. Recognize that

and salve for ¢

an0nm’

9]

"

12
AN
‘;p:l
)
b
i

o2nonomt ;
Q== .ﬂ'.‘.2-‘lf...lln"/j~'

h (} 25500
. N . o ];
c, Convert woounits ol mo s

sy SeA00d

78.240m? fy % =0.0023m' /s



23 Nenting water tower alier disinfection

Given: Volume = 1900 m?. chlorine concentration = 15 ma/m?*, allowable concentration
O.0015 me/L, air low = 233 m™/s

Salution:

A Avssume the water toswer behaves as CMER and apply Egn 2-33
Lo0nm’ o =
H =—= SO8 S |s
2.35m>fs

Convert concentration to similar units
o - . ) 3 - 3
(oo ls me'lac Looo Lom™ )= 15 me/m

Nowy solve Egn 2-33

t

- ; - 3 !
I.:\m_u/m =[3mgf m -:-\pf ——
- LOROR S s

/ 5
: B

0.10 = exp| ——— E
Rl

Take the natural log of both sides

f =t ]
:}'_\-{ I e————

LRnRSls )

L= el bt or 31 mim or 30 min



Rate constant for sewage lagoon

Given: Area = 10 ha, depth = 1 m. How into lagoon = 8.640 m'/d. biodegradable material
= 100 mg/L, elfluent must meet = 20 ma/L. assume 1™ order reaction.
\g
salution:

a There are twomethods o salve this problem: 01 by using mass balance. (2) using

5

equation from Table 2-2

b. First by mass balance

Coan = 20 me/LL

Ci = 100 e/
O = 8,640 m*d

04 = &.640 m'id

The mass balance equation s

JM
dt

AL

C oo — kU

incstin T o s out = lagemn

Assuming steady state. CNIFR then

i ;
— = and( lagoon Com
clt

[-—lill[‘)in Comtdom — I'tl(:mll";f 1

Nalving for k

CinQin — CowQon = KC o ¥



( in ‘“‘)in - {’ (Rt (“}ulll

A

Je e

: 2
Meste that | mgdlo Tam

'jlf‘,‘llgjﬂ'l “lsadioom 1[11] — [Zi)g;[nf YSe40m ;J/d |
Cogfm® iahaiioooom?® fhaliim)

K ==

k= 03456 d"

. - . " s i 51 .
¢, Repeat using Table 2-2 equation for CMEFR and 17 order reaction

-
C,= =
| + kB
2 (ohallioooom? ha b 1m! .
B=—-= : 1/ = 1.574d
Q sodom’fd
Tonmg /1

200mefl = —
’I{ 1+ kIi11.574d)

Solve fork

|
=il 374

A e

o0 - kit 374

! A 100
374

= (. 34564





